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The objective of this study is to provide experimental data that could be used to predict the 
effectiveness and performance of a plate fin heat exchange for low temperature conditions. In 
this study, plate fin heat exchangers are tested with a variation of the mass flow rate.  
Plate fin heat exchangers are widely used in cryogenic liquefaction. Such heat 
exchangers have high fin density and offer narrow passages for the fluid flow which often 
leads to significant pressure drop. The stringent requirement of high effectiveness and 
excessive pressure drop occurring in plate fin heat exchanger makes it necessary to test the 
heat exchanger before using in any system. An experimental setup is made in the laboratory 
to test the plate fin heat exchanger at cryogenic temperature. In this setup compressed 
nitrogen gas will be passed through the plate fin heat exchanger as hot stream. The hot stream 
gas will be passed through a liquid nitrogen coil heat exchanger to cool the high pressure gas. 
The cold gas is then passed as a reverse stream of the plate fin heat exchanger. The 
experimental setup is mounted to the measurement instrument like RTDs, Pressure gauge, 
Differential pressure gauge, Orifice plate flow meter etc. The effectiveness of heat exchange 
will be calculated from the measured temperatures directly from the experiment. Also the 
pressure drop will be obtained from the experiments. The effectiveness and pressure drop 
data is simulated with Aspen software and also compared with other correlations to confirm 
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   Heat transfer area of the heat exchanger with subscripts h or c denoting hot and cold 
fluid, m2 
       Free flow area available for hot or cold fluid with subscripts h or c respectively, m2 
       Frontal area available for hot or cold fluid with subscripts h or c respectively, m2 
   A Total wall area for transverse heat conduction from the hot fluid to cold fluid, m2 
  Plate thickness, m 
   Fin surface area, m2 
    a Free flow area/fin, m2 
    a Frontal area/fin, m2 
   Heat transfer area/fin, m2 
   Total wall cross sectional area for longitudinal conduction, m2 
  Flow stream heat capacity rate with subscript h or c for hot and cold fluids, W/K. 
   Coefficient of discharge, dimensionless 
     Minimum of c C or h C , W/K 
   Specific heat at constant pressure, J/kg-K 
   Heat capacity rate ratio, dimensionless 
   Equivalent diameter of the flow passage, m 
     f Fin frequency, Number of fins per meter length, fins/m 
  Fanning friction factor, dimensionless 
  Core mass velocity, kg/m2s 
  No flow height (stack height) of the heat exchanger core, m 
     h Height of fins, m 
  Convective heat transfer coefficient, W/m2 K 
     j The Colburn factor, non-dimensional heat transfer characteristic 
   K Contraction coefficient, no units 
   e K Expansion coefficient ,no units 
   f K Conductivity of the fin material, W/m- K 
   w K Conductivity of the wall material, W/m- K 
    L Fluid flow (core) length on one side of the heat exchanger, m 
  Fin flow length on one side of a heat exchanger, m 
   Effective fin length for efficiency determination with subscripts h and c denoting hot 
and cold fluids, m 
m Mass flow rate, kg/sec. 
N Total number of layers or total number of fluid passages 
    Number of heat transfer units, UA/Cmin , dimensionless 
     Number of heat transfer units based on cold fluid side 
     Number of heat transfer units based on the hot fluid side 
   Fin pitch,1/ f , m 
Pr Prandtl number of the fluid 
Q Heat load, W 
   Reynolds number, dimensionless 





s Spacing between adjacent fins, 
T Temperature of the fluid (with subscripts c, h or i, o) 
t Thickness of fin, m 
   Overall heat transfer coefficient. W/m2 K 













1.1. Heat exchanger    
The heat exchanger is a device used for transferring heat from one medium to another 
medium either from fluid to solid or from fluid to fluid. Energy transfer occurs when the 
fluids are at a different temperature. Heat transfer in heat exchanger is based on laws of 
thermodynamics preferably the second law of thermodynamics i.e. heat flows from one 
object of higher temperature to another object at a lower temperature. The application of the 
heat exchangers is very vast and is widely used for the transfer of heat in industrial and in 
house hold equipment’s such as in refrigeration and air conditioning, process and distribution 
plant, manufacturing industry, cryogenic and air separation plant etc. 
However, especially in cryogenics, a wide range of heat exchangers is used. It is one 
of the most important equipment of any liquefaction process in the industry. The heat 
exchangers are relevant for liquefaction to storage, loading and transportation. The thermal 
energy is transferred by the fluid from one surface to another surface predominantly by the 
phenomena of conduction and convection.  
The two ways of transferring energy are direct contact and indirect contact method 
leads to two types of heat exchangers called recuperative and the regenerative. In one of the 
such classes, the heat transfer surface separates fluids, and preferably they do not mix or leak 
such type of heat exchangers are mentioned as direct transfer type of heat exchanger, or 
simply recuperators. In contrast, the other class of heat exchanger transfers heat alternatively 
between the hot and cold fluids through stored heat energy in a matrix. This is known as an 







1.2. Practical applications  
Specifically, the application of heat exchanger is to heat or cool the system as per the 
necessity. There is numerous application of heat exchanger. Some of the applications are 
given below. 
i. In industry heat exchangers are used for various purposes. The major units of 
industries which use different types of heat exchangers are: 
 Transformer oil coolers  
 Motor and generator coolers 
 Chemical plants 
 Food processing plant  
 Petroleum Processing 
 Mining 
 Textiles 
ii. Heat Exchanger are used in aircrafts mainly for keeping the engine cool. Highly 
inflammable fuel used in air crafts makes the use of heat exchanger very crucial. 
 Aerospace liquid cooling  
 Liquid cooling in an airplane 
 Duct heater for a military helicopter 
iii. In cryogenics the heat exchanger plays major role in the field of liquefaction of gases 
and also in the other equipment’s such as given below. 
 Gas turbine power plant 
 Gas liquefaction 
 Chiller’s 
 Cryo refrigerators 
 Biopharmaceutical 
 Cryogenic packaging and treatment equipment such as MRI  
 Cryogenic fuel lines 




iv. Automobiles too need heat exchanger technically the heat exchangers effectiveness 
required for automobile is comparatively low as compared to the heat exchanger used 
in cryogenics purpose.  
 Radiator 
 Oil coolers 
 Exhaust gas recirculation coolers 
 Air conditioning 
 Unmanned aerial vehicles  
1.3. Classification of heat exchanger   
Depending on the nature heat exchanger can be classified on the basis of shapes, flow 
direction, functional process. The use of any particular type of heat exchanger is determined 
by the requirement are described by R.K.Shah [1]. But the heat exchangers are mainly 
divided into two parts ‘recuperative and regenerative type’ as shown in Figure 1.1. The focus 
of this research is on plate fin heat exchanger which comes under the recuperative type. The 
recuperative type is further subdivided into direct and indirect type. The plate fin heat 
exchanger is an indirect type of plate heat exchanger with serrated fins or offsets fins. The 

























Figure 1.2 Classification of Plate exchangers 
 
1.3.1. Compact Heat Exchanger  
Heat exchanger is essential for the process industries and, therefore, the requirement 
of heat exchanger increases. Massively it is essential for a heat exchanger to be more efficient 
and acquire less space. As per the Newton’s law of cooling it is either to increase the 
temperature difference or to extend the surface area. The demerit of increasing temperature 
difference in practical application is to do some extra work for cooling or heating the fluid. 
Secondly, thermal stress deformation may cause reduction of life of heat exchanger or its 
effectiveness. So it is better to extend the surface area. The overextended surface area is 
called the fin or secondary or indirect surface. If the surface area is to be extended, it requires 
space, material and support structure. So to overcome these problems without losing heat 
transfer rate, improved process engineering comes in the form of compact heat exchanger. It 








), this means it acquires 
less space in a particular volume with high heat transfer rate. 
            
The smallest heat exchanger called compact heat exchanger comprise with the gas to fluid 




 and for liquid or for the two 
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 of heat transfer area density. Therefore, it is essential in 
applications where the size and weight are important constraints.  
Varieties of Compact Heat Exchanger [18] are, 
 Plate heat exchanger (PHE) 
 Plate fin heat exchanger (PFHE) 
 Printed circuit heat exchanger (PCHE) 
 The marbond heat exchanger 
 Ceramic heat exchanger 
 Spiral heat exchanger (SHE) 
 
The compact heat exchangers are sorted by the measure of the amount of extended surface 
per unit volume. There are numerous sorts of fins that are embraced in a heat exchanger to 
expand the heat transfer rate. Among them, the plate fins are more desirable because of its 
simplicity in construction and potential for upgraded thermal hydraulic execution. 
1.4. Plate Fin Heat Exchanger  
Plate Fin Heat Exchanger is a type of Compact heat exchanger. It comprises of 
alternating lining of interleaving grooved and wavy Fins (sheets), differentiated by separating 
sheets encased at the boundaries by sidebars to form a progression of finned cells. Fins and 
separating sheets are join together by vaccum technology using oven brazing technique which 
turn the unit into an independent structure in a flexible core. The core can be more than one 
and can effortlessly rearrange it adequately. It Permits the Plate Fin Heat exchanger to control 
it in flow arrangements such as parallel flow, crossflow, counter flow, cross-counter flow or 
co-current flow.  
1.4.1 Crossflow 
The application or the example of utilization of cross flow heat exchanger is in a car 
radiator, and the evaporator coil of an air conditioner. The flow across in the cross flow heat 
exchanger is normal to each other. Its effectiveness is not more as compared to counter flow. 
The cross flow effectiveness lies between the counter flow and parallel flow. The problem 
with the cross flow heat exchanger is that there are only two streams took in cross flow 
arrangement, but the positive thing is that it is cheaper, simpler and easier in manufacturing 




exchanger is a better option when the effectiveness is required to be adjustable and flow of 
two fluids is required.  Figure 1.3 illustrates an arrangement of Plate fin heat exchanger of 
cross flow type. 
 
Figure 1.3 Cross flow arrangement 
1.4.2 Counter flow 
The most commercial application of counter flow heat exchanger is in cryogenics for 
refrigeration and the liquefaction process of gasses. The most promising heat exchanger is the 
counter flow heat exchanger. Its effectiveness is better as compared to other heat exchangers. 
It is the most capable flow technique, generating the maximum temperature change in 
respective fluid associated with any other two-fluid configuration for a given set of overall 
thermal conductivity (UA), inlet temperatures and mass flow rates of fluid. However, the 
design process is complex because its header and distributor geometry is complicated. 
(Figure 1.4 illustrates a counter flow arrangement of Plate fin heat exchanger) 
 
Figure 1.4 Counter flow arrangement 




Adequately the utilization of Cross CounterflowPlate fin heat exchangers is similar to 
those of simple cross flow exchangers. The design procedure is much informal therefore its 
construction and assembly are also easier. Such heat exchangers are mainly fit for the uses in 
which the two fluids have extensively dissimilar mass flow rates or allow considerably 
change in drops of pressure. Consequently, it is a form of fusion structure of cross flow and 
counter-flow arrangements, with the quality of both the heat exchangers. It has a higher heat 
transfer rate of the cross flow configuration along with the better thermal effectiveness of 
counter-flow heat exchanger. In this configuration, primary fluid flows in a straight forward 
direction, whereas the secondary fluid follows a criss-cross direction normal to that of the 
primary fluid flow. Even though transferring along the zig-zag manner, the second fluid flow 
covers the duration of the heat exchanger in a manner reverse to that of the next move. Thus, 




Figure 1.5 Cross-Counter flow arrangement 
 
A basic cross-flow stream design is appropriate in a simple flow layout utilized widely for 




rate obligation, the counter flow design regularly compromises an effective arrangement. The 
more elevated amounts of effectiveness accomplished by counter flow type of plate fin heat 
exchange are more applicable to low-temperature practices. Figure 1.5 illustrates the 
arrangement for a cross-counter flow type of heat exchanger. 
 
1.4.4 Geometrical Structures of Fin Surfaces 
The requirement of fins in plate fin heat exchanger is to enhance the heat transfer by 
transferring energy from one fluid to another through a separated wall or plate via fins. The 
plate and the fins base straightforwardly brazed to the plate, which make it the perfect heat 
transfer surface and divide the individual stream sections for two and more fluids. Heat 
transfer surface range, obtain a low hydraulic diameter, decreases the thermal resistance and 
improves overall heat transfer area for the same temperature difference over the surfaces. 
Moreover, it also supports the configuration to resist the design pressure at the design 
temperature notably at the outline temperature as a fundamental part of a component in the 
structural design. So designer prefers both the prerequisites reply upon the application. 
Therefore, different sorts of fin geometry are subsequently created to meet the purpose by 
considering those factor. The structure of fins as shown in Figure 1.6 differentiated into 
various types such as Plain Fin, offset strip Fin, Wavy fin, perforated fin, Louvered-Fin, and 






Figure 1.6 Geometrical Structures of Fin Surfaces [153]. 
1.5. Heat transfer and flow friction characteristics  
Heat transfer and flow friction are the significant terms to find the performance of plate-fin 
heat exchanger. Most of the correlations are based on these factors. Heat transfer and flow 













   
Where  
h =heat transfer coefficient ( 2W / m -K ) 
G = Mass velocity (
2kg / s-m ) [for minimum free flow area] 
l = Flow passage Length (m) 
hD  = Hydraulic diameter (m) 
 = Fluid mean density (kg/m3) 
1.6. Experimental Methods  
The experiment is performed to obtain the heat exchanger performance of a specified 
heat exchanger under steady state condition. The complete description of experimental setup 
and procedures including cooling pure nitrogen to a uniform temperature (approximately 
107K lower than the ambient temperature in this test rig) is described in Chapter 5. When 
subjected to the test rig, the heat transfer performance of plate-fin heat exchanger at a 
different mass flow rate of nitrogen is investigated at a fixed cold and hot inlet temperature. 
Subsequently, the same procedure is repeated for different temperature lower than ambient 
temperature in this test rig. The cryogenic temperature is achieved by plate fin heat exchanger 
at the inlet of the cold side due to another coil type heat exchanger which is dipped inside a 




in temperature on the four sides of the heat exchanger is noted using ADAM module through 
RTD’s. Manometers are used to observe the differences in the pressure between the high and 
low-pressure side and it is also used for calculating mass flow rate through the orifice plate. 
Required recorded data is simulated with Aspen software and also compared with other 
correlations to confirm the accuracy of the experiment.   
1.7. Objectives of the Present Investigation  
The aim of this thesis is three folds. 
1. To build an experimental setup for testing the Plate Fin Heat Exchangers at liquid 
nitrogen temperature 
2. The response of heat exchanger in term of effectiveness is compared with ‘ASPEN 
MUSE
©
’ to confirm the validity of experimental data within an acceptable margin of 
experimental error. The effectiveness and pressure drop data is simulated with Aspen 
software and also compared with other correlations to confirm the accuracy of the 
experiment. 
3. The third point is to compare data of cold test with hot test [151] for effectiveness and 
pressure drop. Since specific variation under the temperature range (hot to cold) is small, 
it may be possible to conduct an only hot test which is easier than a cold test to obtain the 
efficiency experimentally. 
1.8 Organization of the Thesis   
Chapter 1 deals with the general introduction to Plate Fin Heat Exchanger (PFHX) with its 
classification and application. Chapter 2 presents the survey of literature related to various 
aspects of PFHX. Chapter 3 discusses the design aspect of low-temperature PFHX test 
facilities. Design Correlations and Simulation Software are presented in chapter 4. 
Experimental studies at low temperature (cold test) are presented in chapter 5. Chapter 6 
deals with the comparison of the analytical and experimental values on the cold test. The hot 














2 LITERATURE REVIEW 
An extensive literature survey about the compact heat exchanger and the plate fin heat 
exchanger containing offset strip fins has been carried out. In this literature, most practical 
and common models are addressed which have been analytically, numerically and 
experimentally presented by various researchers. The complete information about the offset 
type of plate fin heat exchanger used by different researchers are also summarised in the 
study. 
The review organized into several parts. The application of heat exchanger particularly 
compact type heat exchanger in the field of cryogenic are emphasised. The approaching part 
relates to the review of plate fin heat exchanger and its construction process. Consequently, 
the experimental, numerical and optimization of offset type of plate fin heat exchanger is 
reviewed and addressed. The deviation from the ideal condition of the heat exchanger and the 
various correlations proposed by the researchers are reviewed. 
The heat exchangers are widely used in the various field such as aerospace, automobile, 
electronics cooling devices, etc. Shah [1] presented a classification of the heat exchangers 
taking in several aspects mainly divided into regenerative and recuperative. A contextual 
background including design and its application of regenerator that used mostly for small 
equipment like pulse tube cryocoolers in cryogenics are describe by Ackermann [2]. In a 
regenerator, fluid streams are passing through the heat exchanger surfaces one after the 
another by absorbing and releasing energy separately whereas in a recuperator energy is 




In cryogenics,a variety of heat exchanger are used as explained in [3], since it requires highly 
efficient heat exchanger for liquefaction of gases. Many researchers [4-6] investigated its 
sensitiveness for the production of liquefaction of gases, Barron [6] reported that no 
liquefaction is obtained if the effectiveness of heat exchanger is lower than 85%. The study of 
the process of heat transfer in the heat exchanger and its design methods have been explained 
critically by various authors and scholars [7-14]. Based on design criteria on spacing or say 
compactness, the compact heat exchanger is one of the best types of heat exchanger. 




 of heat transfer area density. 
Therefore, the size is an essential factor in a specific application where the size and weight is 
an important constraint which is defined by Shah [11, 14]. He also including characteristics 
and its classification in their reports. Hesselgreaves [15] stated the different forms of compact 
heat exchanger employed for industrial uses. A general idea of fins in the heat exchanger for 
an automobile as well as in air conditioning system developed by Cowell and Webb [16, 17]. 
Qi Li [18] reports the different types of compact heat exchanger like plate heat exchanger, 
printed circuit Heat exchanger, plate fin heat exchanger, spiral heat exchanger, Marbond heat 
exchanger, ceramic heat exchanger etc. However, for large equipment high compactness, 
multifluid flow plate fin heat exchanger provides the best result amongst other [19-21]. As it 
is a multi-streams, many streams can be accomodated within a one compact heat exchanger 
unit. Consequently a number of item is reduce or remove to reduce its weight and size [19].  
The high-quality work on compact heat exchanger was reported by London [22]. He has also 
co-authored in a monograph with Kays [8] and Shah [23]. Earlier in 1940 Kays et al. [24] 
carried out experimental works on heat exchangers and explained the test method for heat 
transfer and fluid flow characteristics. The literary work of Kays et al. was adopted by 
various researchers. Even Kays et al. also followed their own developed data in their further 
studies on correlations and other related experiments. 
2.1 Plate fin heat exchanger 
PFHX is one of the most important categorized heat exchanger among other compact heat 
exchangers. It comprises serrated fins sandwiched between parallel plates one after another 




PFHX was formerly used in the auto industry in 1910 gradually in 40’s it comes to the  
aerospace industry for gas to gas heat exchanger application. In 1950 plate fin heat exchanger 
of aluminium is owned for liquefaction of gases, as aluminium have the desirable mechanical 
and thermal properties for low temperature. At present brazed aluminium plate fin is used to 
great extent such as in automobile plant, refrigeration, air conditioning, cryogenics etc [1]. 
 
 
2.2 Contraction and manufacturing process of PFHX 
Various authors have reflected on the design and development of PFHX by considering the 
material selection to shape, size, weight and surface design [1, 15, 25, 26]. Hesselgreaves 
[15] proposed one of the important procedure for selection, design and operational process. In 
1961 Lenfestey [25] presented a review of the design method and the construction processes 
of the low-temperature heat exchanger. Later on, Lenfestey [26] in 1968, added up further 
details in a consequent publication and proposed advanced heat exchanger. 
The material employed for plate fin heat exchanger depends according to the requirement for 
temperature, pressure, and spacing. The temperature ranging up to 50
o
C; paper is used 
(mainly for ventilation purpose), for higher temperature up to 840
 o
f metal is preferred, and 
for much higher temperature up to 1370
 o
f ceramic materials are used. The metallic material  
required for plate fin heat exchangers are aluminium, stainless steel, copper alloy, nickel 
alloy [1, 27]. Recently Seara et al. [28] presented PFHX made up of titanium brazed offset 
fins strip. Ceramates, [29] design a ceramic heat exchanger. According to Taylor,[30] 
aluminium is the desired material for cryogenics applications. Mass production of cryogenic 
equipment permitted makers to put resources into expensive aluminium brazing furnaces. The 
brazing of plate fin along with the parting sheets are done by employing two methods, one is 
salt bath brazing, and another is brazing in a vaccume furnace. In salt bath brazing the 
interface joints between fin and parting sheet is filled with aluminium shim and wet flux and 
then submerged into the liquid salt bath. The temperature of the bath is enough to melt the 
brazing alloy. As most of the alloy of aluminium losses their strength in slight above 
temperature than ambient temperature, therefore, this method is preferable for aluminium 




surface. The parting sheet, fins, edge-bars and top sheets are brazed together to form a block 
of PFHX and then the header and the nozzle are welded to the block.  
Table-2.1 shows the minimum and maximum range of pressure, temperature and other 




Table 2.1 Range of the plate fin heat exchanger 
 [1] [16] [26] [27] [28] [29] 
Factors Minimum range Maximum range 















Fin density 120 (Fins/m) 2100 (Fins/m) 
Thickness of the Fin 0.05 mm 0.25 mm 





Table 2.2 Application of brazed PFHX 
 [30] 





LNG Petrochem Refrigeration 





Pressure range, bar 
(abs) 







Table 2.3 Manufacture List 
Manufacturer 
Altec (USA) 
IMI Marston (UK) 
Kobe Steel (Japan) 
Linde AG (Germany) 
Nordon Cryogenic (France) 




2.3 Geometry of Plate Fin Heat Exchanger  
The fins in a PFHX can be effortlessly organised in many ways. According to the flow 
direction or the flow arrangements, PFHX are categorised as parallel flow, crossflow, counter 
flow, cross-counter flow or co-current flow. The pattern of the flow affects the surface area of 
the heat exchanger. The application of cross flow heat exchanger vastly used in the air 
conditioner, evaporator coil and the car radiator. The flow across the cross flow heat 
exchanger is normal to each other, and its effectiveness is less as compared to counter flow 
type. The effectiveness of cross flow type lies in between the counter flow and parallel flow. 




favourable thing is that it is cheaper, simpler and easier in manufacturing as the header tanks 
placed on each side of entry and exits of flow pattern. So where the requirement of 
effectiveness is not so predominant, and the two fluids streams are present, the cross flow 
heat exchanger are the better options. The most commercial application of counter flow heat 
exchanger is in cryogenics for refrigeration and the liquefaction of gases. The most promising 
heat exchanger is the counter flow heat exchanger in the form of better effectiveness as 
compared to other heat exchangers. It generates maximum variation in the temperature as 
compared to the other types of two-fluid configuration for a given fluid inlet temperature, 
mass flow rates, and overall thermal conductivity (UA) therefore its flow arrangement much 
capable than another. However, the design process is complex for the reason that its header 
and distributor geometry is complicated. Adequately the utilization of Cross Counterflow 
PFHXs is alike to those of simple cross flow exchangers. The design procedure is much 
informal are therefore its construction and assembly are also easier. They mainly fit for the 
uses where the mass flow rates of two streams have many variations or allow considerable 
drop in pressure. Consequently, it is a form of fusion structure of crossflow and counter flow 
arrangements, with the quality of both the heat exchangers. Cross-Counter flow type of heat 
exchanger has larger heat transfer rate as in cross flow configuration along with the better 
thermal effectiveness of counter-flow heat exchanger. In the configuration of this type heat 
exchanger one fluid have straight forward flow pathwhile the second fluid follows crosswise 
direction that is normal to the directionof the first fluid flow. Even though transferring along 
the zig-zag manner, the fluids cross each other in opposite direction. Hence, the fluid flow is 
supposed to be partially counter-flowing and up to some extent across theflow. 
                          A basic cross-flow stream design is appropriate in a simple flow layout 
utilized widely for low and moderate duty and is particularly compelling when one side is a 
low-pressure gas. For heavier obligation, the counter flow design regularly offers an effective 
arrangement. Therefore, in low-temperature practices counter flow type of plate fin heat 
exchanger are more applicable since it accomplish delegated amounts of effectiveness. 
GEOMETRICAL STRUCTURE OF FIN SURFACES 
The fin enhances the surface area to the volume ratio of the heat exchanger [31] so that to 
increase the heat transfer rate and also for supporting the structure consequently it increases 




geometrical design is proposed and implemented according to their requirement by 
effectiveness, cost, weight, space and pressure drop. The different types of fins are [1]. 







2.3.2 Interrupted Fins 
 Offset Strip 
 Louver 
 Perforated 
 Pin fins 
 Wavy 
 
Amongabove-designed fin geometries Plain, are perforated and offset strip fins 
preferable for the manufacturing. Also in same situation wavy fins are used. Perforated in 
controls the pressure variation developed due to the vaporization of fluid. It also makes 
available uniformity in the flow pattern through the sub passages [32]. Whereas the offset fin 
provides better heat transfer rate and also sustain high-pressure difference. 
 
The innerstructures of plate fin surface extended and interrupted to provide 
better heat transfer coefficient. The structures divided into two groups one is continually 
interrupted i.e. wavy fins, and another is interrupted flow due to cuts provided in between i.e. 
louvered and offset. 
2.3.3 Louvered Fins 
Louvered fins have found wide application in the aerospace industry. The flow phenomena 
were explained experimentally aligned with the louvered angle at high and low Reynolds 
number by Achaichia et al. [33]. In 1990 CFD work on louvered fins[34-36]was performed 




regimes with different angle α of mean flow formed due to the change in Reynolds number. 
Whereas Ha [36] have to predict Nusselt number and friction factor. Atkinson [35]developed 
the 2-D and 3-D models. The computational and experimental analysis together had been 
done by Springer et al. [37]. Tafti [38, 39] considered the time phenomena to solve the 
governing equations.  
2.3.4 Offset Strip Plate Fin Heat Exchanger  
The Plate fin heat exchanger of offset strip is comparatively efficient, stableand adaptive to a 
suitable system. It is mostdemanding system among heat exchangers.  A small cuboid duct 
shape serrated strip frame placed and brazed laterally parallel to the line slightly backward 
from the position of the previous strip accommodated plate to form an offset corrugated pallet 
so that flow can be interrupted. Offset plate fin heat exchanger have an enhanced interrupted 
surface that is required to raise the effective heat transfer surface area per volume periodically 
to form thermal boundary layer over the interrupted surface provides homogenized flow. The 
formation of the new boundary layer to every fourth interrupted surface serves as a primary 
effect on the effectiveness of the offset plate fins, but there is a drop in pressure because of 
the resistance offered by the plates and form drag due to the fins. 
Due to this complex geometry of offset fin, the path of flow of fluid around the fins generates 
a complex model and its correlation. The analytical and numerical analysis construct their 
correlation with some assumptions by various researchers such as flow is incompressible, no 
radiation, property of fluid does not change with temperature, flow is steady and laminar. 
Besides these in the numerical analysis they considered laminar flow thatdisaffirms the 
experimental validation. Despite that one of the most common assumption was that they 
consider the thickness of the fin as zero although Patankar et al. [40] and Suzuki [41] consider 
the fin plate thickness even considering all those assumptions the analytical correlations are 
not suitable by the designers and researchers. 
2.4 Experimental studies of offset strip fins 
In this section, experimental works are arranged according to temporal sequence. Starting 
earlier from 1942 Norris et al. [42]had reported the first experimental report on offset strip fin 
on which three type of offset fins were tested and has drawn out the effect of heat transfer 
coefficient by length, thickness and pitch of fins and also reduced the friction factor and 
Colburn modules. Joyner 1943 [43] put up an experimental research to measure total heat 




transfer coefficient, Nusselt number, Reynolds number and friction factor and plotted graph 
between them. By above investigation Norris et al. [42]and Joyner 1943 [43]along with other 
three total five references prescribed by the Manson [44] to predict first empirical correlation 
on which one equation was for heat transfer over the entire range of conditions investigated. 
The friction data required separate correlation equations below and above the transition 
Reynolds number of 3500.However, the data base engaged comprised of different geometries 
such as louvered fins, finned flat tubes and offset strip fins. In 1950 ‘Kays and London’ 
carried forward one of the primary support on experimental investigations for some offset fin 
geometry in two parts [45, 46].In the first part, it gives the detailed descriptions of the 
experiment apparatus and method of test data analysis where as in the second part it gives the 
j and f factors for two different offset strip fins cores. The j and f design data of three offset 
plate fin was summarized later on 1955 Kays, [47]. Further in 1960,Kays [48] explore the 
research on analogous geometry along with six more heat transfer surfaces that was the first 
effort for calculating overall efficiency of finned passage. Briggs and London [49] presented 
design data of j and f for eleven compact plate-fin surfaces. Five surfaces are of the offset 
rectangular-fin type, and six are of the plain triangular-fin type. The cores are some of 
aluminium and rest of them are of an alloy of stainless steel and nickel that was suitable for 
high-temperature applications. Kays et al. [50] gathered j and f design data in 1964 from [47, 
48, 50] in a book form relevant to compact heat exchangers. With the reference of kays [47] 
report A. L. London and Shah [51] in 1968 extended the work on heat transfer and flow 
friction design data of nine offset rectangular plate-fin surfaces two of them was made up of 
stainless steel. They also analysed the mal-flow distribution through the test core and their 
effects. Voroninand Dubrovsky [52] advert an equation for friction factor and Nusselt 
number. They found that the flow separation due to interruption played a significant role. In 
1975, A. R Wieting [53] set up the statically relationship between the variable from earlier 
experimental heat transfer and flow friction data of an offset fin for plate fin heat 
exchanger.By using this statical relationship untested offset fin geometries can be predicted 
realistically and accurately within the parametric range. Mochizuki et al. [54] experimentally 
shows the optimized value of fin length and demonstrated the most desirable optimizedvalue 
of the fin length for better performance of heat exchanger on seven aluminium fin cores. 
Sparrow et al. [55] 1980 demonstrated the uses of the naphthalene sublimation technique to 
achieve the heat transfer effects via the heat and mass transfer analogy on the flow over 
serrated offset strip fins. Webb and  Joshi presented two papers [56, 57] one by one in the 




matrix with no burred fin edge and suggested that the burrs have no such effect on the heat 
exchanger. Later they worked out on semi-empirical correlation with verification from data in 
[50, 51] to predict the friction factor by using eight test section. In 1984 kays et al. [8] 
compile the previously reported data of twenty-oneoffset fin. Joshi et al. [58] developed an 
analytical model to correlate the j and f factors related to wake region in boundary layer 
separation of the fins. The offset fin arrays were used to anticipate the wake during the 
transition regions from laminar to turbulent flows. The equation of Reynolds number for the 
wake width, i.e. the transition Reynolds number, was formulated and then j and f factors 
correlations for the laminar and turbulent flow was given to visualize the flow patterns in the 
fin wake to analyses the stress on transition. In the same year, Mochizuki et al. [59] presented 
the graphical j and f data and its correlation for offset plate fin, and also it found that offset 
configuration provides abetter result in compression of slotted and plain straight fins. 
Dubrovsky et al. [60] determined the Nusselt number and coefficient of friction pressure 
losses Reynolds number and the fin geometrical parameter and their correlation 
experimentally for eleven interrupted surface.  The Reynolds number was varied from 500 to 
10000 during the process with air as working fluid. Brackmeier [61]. Purposed the best 
execution qualities by using vortex generator surface on permitting a decrease in heat transfer 
surface area of about 76% without altered its pumping power and heat capacity. It is 
beneficial to reduce obligatory heat transfer zone to dismiss the capital expenses. Dubrovsky 
[62, 63] innovated and analysised the result of precise exploratory examinations into the 
rational improvement of convective heat transfer in the passages of plate fin heat exchanger. 
In a laminar stream of Reynolds number 550–1100, which was done in this study 
surprisingly, made it conceivable to reach inferences that are imperative in a pragmatic 
admiration. 
Manglik et al. [64]chooseanexperimental data of 18 offset plate fin surfaces from  Kays et al. 
[8], London et al. [51] and Waiters [65]. To investigate the impact of the non-dimensional 
constraints on them they derived a correlation. 
The proposal of utilizing plate fin heat exchanger of offset, rectangular fin in the solar air 
collector, was proposed by Youcef-Ali [66]. The enhanced the heat transfer between the fluid 
and the absorber plate, which evidently intensified the performance of solar collector 
thermally as compared to the conventional flat plate solar collector. Again in 2006 Youcef-




model and done the comparison with the experimental results. Peng et al. [68]experimentally 
examined fins with the differentair stream and a consistent vapourflow over a range of 
Reynolds number 500-5000. Dong [69] developed a correlation on the groundwork of 
experimental studies that were acquired by regression analysis. To find the thermal hydraulic 
performance of the offset strip fin NTU approach was used. 
Dong in 2008 [70] provided a valuable design guidance for heat exchanger and plotted the 
graph between coefficient so heat transfer versus the pumping power per unit frontal area. 
2.4.1 Liquid cooled modules 
Most of the research work performed using air as working fluid.But few works were 
performed using the liquid as coolants in offset Plate fin heat exchanger. The 
comparativelylittle investigation had done in the area of liquid cooled modules. For improved 
thermal management and heat transfer coefficients, liquid cooling is considered in this 
review. An experimental test performed by Robertson [71] using liquid nitrogen on offset fin 
at 80Kwith Prandtl number of 24. They added a relationship; that the boiling heat transfer 
coefficient works out asafunction of local mass and the inlet Reynolds number. In 1980 Robertson 
[72] results are compared with the very similar boiling characteristics for the same test 
section, with Freon-11 as a test fluid under comparable flow conditions. At low Reynolds 
number in both water and air streams on the plate were tried by Roadman et al. [73]. 
Brinkmann [74] performed an experiment on heat transfer effect on four types of offset strip 
fin, using dielectric fluorocarbon with liquid coolant water. For that, the range of Prandtl 
number was selectedin the range of 6 to 25.Whereas Hou [75] 
purposedtheexperimentalstudyof 80 rows of fins for high Prandtl number ranges from 7 to 70 
for Reynold number between 30 to 2,700 in the fin array The test results indicated that the 
Colburn and flow friction factors are different for different types of fluids. Marr [76] 
recommended that by adjusting the correlations of air-cooled, heat transfer to a single-phase 
the Prandtl numbers can be estimated. Fortunately, Mart does not present the validation 
between the model and experimental data. Whereas Tinaut [77] presented a validated 
correlation satisfactory to estimate the heat transfer and flow friction coefficients of a water 
cooled engine oil compact heat exchanger. LeVasseur [78]done the assessment of transferring 
maximum surface temperature using water flow through an SEM-E electronic module. This 
research reported the effect of Prandtl number on the heat exchanger, but the Prandtl number 




performance. On taking this paper as reference Hu and Herold[79],shows the large effect of 
Prandtl number on the Nusselt number for liquid coolants (polyalphaole fin and water) on 
offset fins compact heat exchanger. They suggested a liquid coolant instead of using previous 
air cooled models in an experimental set up to evaluate heat transfer and pressure drop of 
offset fin heat exchanger. It shows that the liquid cooled apparatus Prandtl number has a large 
effect on Nusselt number, and numerical analysis examines the surface temperature 
distribution. Herold [80] identified the impact of high Prandtl number fluids. This paper 
demonstrates that the Colburn factor increased by increasing Prandtl number without much 
change in Fanning friction. Dejong [81] conducted the comparison of two different geometry 
offset strip and louvered fin by four methods including the investigation of mass transfer 
information. Peng and Ling [82, 83] have done a series of experimental studies of flow over 
offset strip fins implemented oil as functioning fluid at low Reynolds number. 
Recently Seara et al. [28] represented an experimental set to show the significant heat 
transfer process, and pressure drop in between liquid-liquid plate-fin heat exchanger of 
titanium brazed offset strip fins. Correlation also developed to define the single-phase 
convection heat transfer coefficients to the Reynolds number as a function that validates with 
other experimental research. 
2.4.2 Visualization technique 
Some of the research involving distinctions based remark, expressing by the careful visual 
perception that involves various interactive technique for visualization like dye diffusion, 
smoke injection, and time exposure photography. They are the traditional methods further 
with the advanced technique flow visualization. The schlieren methods, hydrogen bubbles 
technique, stroboscopic illumination, laser sheet illumination and injection of tracers sensitive 
of fluid properties such as field measurement approach,temperature approach, etc are some of 
the methods. The first visual observation was expressed by Adarkar [84]. Loehrke [85] also 
emphasised on two collinear plate array in the direction of flow was visualized and trace the 
flow pattern using hydrogen bubbles technique. Dye employed as tracers the probe (hot-film 
anemometry) situated near the leading edge of the second plate whereas in [84]. Some of the 
effectwas explained in the experiment done by CUR et al. [86].With the reference of 
experiment of two collinear plates presented the mass transfer analogy with heat transfer in a 
form of a Nusselt - Reynolds - Prandtl instead of Sherwood – Reynolds – Schmidt on the 




number reliant on the Reynolds number. Mochizuki et al. [87] performed stream visualization 
tests for the varieties of stunned level plates and found that the stream gets to be turbulent 
from transient to laminar at the Reynolds number more than 50 on taking plate thickness. 
Loehrke et al. [88]watched the stream flow between interrupted plateson a channel over the 
arrays and the proof of this intermittent flow measured in the form of frequency and amplitude from 
the discharge noise of flow from a firmly stuffed array tried in the air and form a correlation. The 
critical velocity at the starting point at which periodic oscillation initially watchedwas resolved by 
Roadman et al. [73] and found that this velocity depends firmly on the thickness of the plates, 
plate length, and plate partition separation and pitifully on stream unsettling influence level. 
Zelenka et al. [89] measured heat transfer from two plates adjusted to the stream bearing in a 
wind passage. The impacts of driving edge, plate separating distance, and Reynolds number 
on the main and trailing plate normal warmth exchange rate were also concentrated. 
Mullisenand et al. [90] purposed fluid flow phenomena utilizing Schlieren visualization 
technique with three particularly distinctive stream administrations found inside of the cores 
made out of in-line plates. 
Although the research is on an interrupted plate, flow limited up to the low Reynolds number. 
Mochizuki et al. [91] conducted an experiment to visualise the turbulent flow intensity on the 
downstream region for high Reynolds number in the core and measured the pressure drop of 
that interrupted surfaces of three types of core plate which comprise plain straight fins, 
slotted finsandoffset-strip fins with total 18 cores of different fin geometry. Even though the 
numerical investigation was performing very well the limitation or assumption due 
tothecomplexity of a compact heat exchanger made it complex. The mechanism of heat 
transfer of offset fins described earlier in various research papers,but the proper visualisation 
of isotherm using laser holographic interferometry technique shows that the offset 
arrangement enhances the heat transfer rate is absorber in the experiment done by Kurosaki et 
al. [92] on staggered louver arrays in 1988.  
 The visualization analysis, although it was not an offset fin array but compile 
the relation with offset fins flow visualization had been examined by Majumdar [93]. They 
placed thick collinear plates in the middle of a channel described streamwise precariousness 
that emerges in a thick boundary layer in the space between two progressive 
plates.Disregarding these broad accomplishments, againin 1993 Hagiwara [94] accomplished 




of heat transfer leads to a higher possible Reynolds number of the drawing nearer stream to 
the second fin. 
Brutz [95] introduced an oscillatory blades consilience forcing on the baseline to form the 
amplitude and frequency of the flow at the range of 800 < Re < 1500. The prototype of 
offsetstrip fin array placed in the forepart of the oscillatory blades and visualized the flow 
pattern using Dye-in-water flow modules. The flow unsteadiness detected in the course of 
these experiments already reported to fundamentally documented to enhance heat transfer 
considerably (at higher Reynolds number) in unforced arrays.  
 
 
2.5 Numerical and analytical 
Kays 1972 [96] purposed an analytical model for purely laminar boundary layer flow over 
irregular plate surface. An investigation performed by Sparrow [97] for the laminar stream 
and heat transfer in channels whose dividers interfered intermittently along the streamwise 
heading and such diverts often utilized in superior smaller heat exchangers. These outcomes 
were acquired for a scope of Reynolds number and for estimations of a dimensionless 
geometrical parameter portraying the streamwise length L of the individual plate fragments 
that make up the intruded on dividers.  
Sparrow et al. [98] anglicised and reported that for a constant fin surface area and heat 
transfer the effectiveness of corrugated plate is higher than in plate line channel for more 
circumstances whereas in the segmented schedule have a higher drop in pressure. So the 
paper serves the effectiveness    /x i W iT T T T     and the pressure drop ΔP/(1/2ζu
-2
) by 
non-dimensional plate length,i.e., (L/4H)/ Re which comprises dimensions and flow rate 
both. Patankar [40] analysed on an interrupted plate passage on which flow pattern and heat 
exchanger developed by using finite difference method of heat conduction. Kays [50]  
suggested that the thick plate createshigh-pressure drop even not increasing heat transfer    
despite increasing surface area and increased mean velocity. 
Susuki [99] conducted a numerical examination on the accessibility of a flat plate staggered 




judgement of the heat exchanger flowfield and temperature calculated by the local Nusselt 
number investigated by integrating the governing differential equation of elliptic nature for 
superimposing convection in low Reynolds number on offset fin of zero thickness. 
Heat transfer efficiency of the fin gets affected due to the presence of burrs on the edges of 
rear and front part of the fins that earlier correlations have not included in this part. Patankar 
et al. [40] predict the heat transfer and flow friction that occurs not accurately confirmwith 
the experimental values due to the absence of exact information acquire by grating the 
information on scaled-up matrix geometries with theassumption of no burrs on the edges of 
fins. Whereas Webb et al. [56],reported the impact of burrs in the heat exchanger 
performance and presented the correlated results with precision. 
Later on Webb et al. [57] predicted the friction factor on the analytical model.Moreover, on 
its correlation with zero thickness of offset fins they predicted the most of the data acceptably 
up to the accuracy of -10% at low Reynolds number and for high Reynolds numbers. Its error 
increases since of the formation of vortex or eddy in the wake that was not so promising in 
laminar flow. 
K.Susuki [41] extended the work of Patankar et al., which was quite a variance as its own 
earlier with zero thickness of fins [40] and present work which considered the thickness of 
fins in their results. Consequently, a test study was done along with the numerical 
study.Whereas Patankar et al. [40] compared the numerical with experimental done by Kays 
et al. [50] also with the Susuki [41] work. This accomplished for the entire heat transfer 
system of a two-dimension geometry of the offset-fin and established that the fin thickness is 
as low as possible according to the length, the shortest fin offset spacing create disturbance 
causing high-pressure drop but in the case of the larger draft heat exchanger it gives better 
performance. 
Kelker [100] had done a computational examination of laminar stream and heat transfer 
through the channels. All the glow trade surfaces are thought to be at a uniform temperature. 
A parametric study made for diverse estimations of the perspective extent and the edge length 
parameter. Neighbourhood results were shown to give a conventional physical perception of 
the stream and warmth trade ponders. It also presented an examination of the numerical 




Kelker [101] examined the fluidflow and heat transfer analysisin two dimension finned 
entries for steady state laminar stream. The two parallel plates shaped the entry to which 
blades gets connected in a corrugated manner. Both the plates are kept up at a consistent 
temperature. The fin geometry conductance parameter Reynolds number and the Prandtl 
number are the variables on which it found that the corrugated fin arrangement provides 
significantly heat transfer but pressure drop increases. 
Joshi et al. [58] developed analytical models to correlate the j and f factors related to wake 
region in boundary layer separation of the fins. Offset fin arrays were used to anticipate the 
wake from transition region during the laminar to turbulent flows. Suzuki Evaluated a 
Numerical examination to show the illustrations of rapid eddy curves formation.Due to which 
velocity deformity and thermal sharing in the flow wake takes place by diverting the 
coldfluidwith higher velocity into the wake from the mainstream, and diverting the more 
sweltering and lower speed liquid in the wakeof the mainstream. 
DeJong [102] investigatedacomprehensive test and numerical results of an offset strip 
fin.Heat transfer and fluid flow analysis represent this complexity checks that a two-
dimensional numerical recreation catches the vital components of the stream and warmth 
exchange for a scope of conditions. The outcomes demonstrate that the limit sheet 
advancement, stream detachment and reattachment, wake arrangement, and vortex shedding 
are exceedingly essential in this geometry. 
Arash Saidi [103] considered in the middle range of Reynolds numbers at which the larger 
part of test examinations do not give relationships and compared the friction factor and 
Colburn factor with the effect of another numerical result using averaged time mean values. 
Secondly, heat transfer enhancement mechanism in a certain Reynolds number range is 
special and unique. Furthermore, it demonstrates the uniqueness among the two procedures of 
heat transfer and mass transfer in that scope of Reynolds numbers. Subsequently a finite 
volume method is utilized as a part of the computational examination. 
There are some papers in the literature regarding computational fluid dynamics method 
presented for offset fins of plate fin heat exchanger. Subramanian [104] construct a compact 
heat exchanger of offset stripfin type made of a composite material of ceramic matrix to stain 




used to yield the numerical results in the form of fluid flow and heat transfer studied in three-
dimensions. 
Despite all of the work in the field of offset stripfin, no work has been reported that covers 
the effects of height, gap,and rounded fin edges all of the previous works have only covered 
rectangular-fin edges and displayed the effects of channel height in dimensionless. Chen [69] 
explain the heat transfer and fluid flow effects of height, gap, and rounded fin edges. 
Zhu et al. [105] established assessments of j and f factors between the four essential fins of 
plate fin heat exchanger namely rectangular plain fin, perforated fin, wavy fin and offset strip 
fin. For numerical analysis at laminar flow regime on the fluid flow and heat transfer they 
considered fin thickness, thermal entry effect and end effect as three-dimension. They 
Presented three-dimensional computational flow analysis at low Reynolds number at 132.3–
1323 range and established confirmation with the experimental and analytical results. Peng et 
al. [106] conducted a sequenceof experimental analyses of flow over offset strip fins 
byexperiment and established a numericalvalidation for different Reynolds number and 
different fin geometry in variousresearch. Ismail [107] investigated the impact of stream 
maldistribution on the heat exchanger execution. The alignment of inlet and outlet headers 
plays amajor role in characterization for the same, and its computational analysis was 
conducted using fluent. Wang et al. [108],evaluated and offered a simpler numerical models 
of heat exchangers for serrated fin and plain fin at low Reynolds numbers via CFD code 
FLUENT. It assesses the j and f factors along with the heat transfer performance and 
pumppower consumption in the two ducts. Kim [109] established 
simplecorrelationsthatcanrealistically provide j and f factors for different fluids and various 
geometries of offsetstrip fin. The existingcorrelationrevised since earlier correlations are 
appropriate to a purpose of air as the working fluid; the obtainedrevision considered some 
more working fluids, specifically, air, water anddiesel fuel. Additionally, the theoptimal 
geometry of the offset strip fins is suggested based on optimization. 
The recentpreference work on CFD by Saad [110, 111] provided a numerical model 
toexamine the phases and pressure drop distribution in offset stripfin units whereas the most 
recent work on CFD was presented by Aliabadi et al. [68, 112] 




Recently the work was concentrated on the prediction and optimization technique to simulate 
the performance of heat exchangers.Reneaume [113] used an optimisation technique to 
simulate thedesign problem of plate fin heat exchanger. The problem was a Mixed Integer 
Non-Linear Programming (MINLP) having different variables to solve distinctive solution 
approaches. The objective function such as manufacturing cost expenses reduction is greater 
than 10 % using Successive Quadratic Programming (SQP) algorithm techniques. Another 
example is the solution of the original MINLP problem using Simulated Annealing (SA) or 
Branch and Bound (BB) algorithms. Manish [114] in 2004 presented genetic algorithm 
optimization technique to optimise the multilayer type of plate fin heat exchangers.Another 
conventional technique solved graphically as well as through gradient search technique that 
compared with the genetic algorithm and found near about same results.The plan decides 
ideal estimations of length and width of the heat exchanger, which minimize aggregate yearly 
cost. The work on offset fin of plate fin heat exchanger based on genetic algorithm also 
performed by Xie [115] in which the objective was to reduce the volume of the heat 
exchanger at the rate of total annual cost. In this one more optimization was done i.e. 
moderate the pressure drop. As there were more than two objectives, therefore it is 
considered as a multi-objective problem that has elevated by considering with pressure drop 
and without with pressure drop. Peng et al. [116] utilized artificial neural networks (ANNs) 
to predict Colburn factor j and friction factor f with a small range of experimental data 
through. This predicts the thermal attributes of other fins characteristics in PFHEs under 
different working conditions. A single objective genetic algorithm based optimisation by 
Mishra [117] have applied for optimizing offset-strip of plate fin heat exchangers. 
Besides, work aimed at multi-objective optimization using a genetic algorithm for offset strip 
developed by Sanaye [118] to obtain the maximum effectiveness and the minimum total 
annual cost as two objective functions and employing ANN analysis for six decision 
variables with acceptable precision. Amongst other evolutionary algorithms, the work on the 
multi-objective optimizationsuch as particle swarm optimization (PSO), teaching-learning-
based optimization (TLBO), imperialist competitive algorithm (ICA) algorithms were used 
by Rao [119, 120] and Yousefi [121]. There are still numerous issues to examine for the 
betterment of the offset type of heat exchanger.  
2.6. Heat Transfer and Friction Factor characteristics    




 Heat transfer surface area  
 Volume of heat transfer material (i.e. heat capacity) 
 Thermal conductivity of a material  
 Temperature difference between the system and the surrounding 
The heat transfer rate increases with increasing the temperature difference between the 
system and the surrounding but the demerit of increasing temperature difference in practical 
application are to do some extra work for cooling and heating of the fluid and also due to 
thermal stress deformation takes place that causes reduction of life of heat exchanger. If 
volume increases, the mass of the system increases which is not preferable. In some cases, it 
is desirable where the heat capacity is an essentialfactor, for example, regenerators. Whereas 
the thermal conductivity of various material do not vary.  So the only substitute is to extend 
the surface area. On the other hand, on extending the surface area, the coefficient of friction 
will act on the surface and also the formation of drag force due to the finite thickness of the 
surfaces obstacles which is perpendicular to the direction of flow. Therefore, the 
enhancement of the surfaces increases both the quantities, heat transfer rate and the pressure 
drop due to the friction. To increase the heat transfer and to decrease the pressure drop in a 
plate fin type of heat exchanger fins are arrange set apart (fin spacing) in a proper manner 
according to their size (fin thickness, length, and height). 
Correlations are developed analytically and experimentally between Friction Factor and Heat 
Transfer to find out the required geometrical features for the desirable flow rate of the fluid. 
2.6.1 Heat Transfer and Friction Factor Correlations 
The performance representation of plate-fin heat exchanger is in the form of flow friction and 
heat transfer. Heat transfer and flow friction usually define in the form of Colburn factor j 
and Fanning friction factor f vs. the Reynolds number Re. While for enhanced surface j and f 
factor is high as compared to the plain surface. Various correlations represented the 
dramatical change in those factors due to the dimension and mass flow rate. The Correlations 
established by the researchers using analytical or experimental model are listed ahead in 





Table 2.4 Heat Transfer and Friction Factor Correlations 
For 
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Re 1000  
0.162 0.184 0.5360.483( / ) Rehj l D 
  
 
0.384 0.092 0.7127.661( / ) Rehf l D 








[50, 51, 65, 
122] 
Re 2000  0.322 0.089 0.3680.242( / ) ( / ) Reh hj l D t D
   0.781 0.534 0.1981.136( / ) ( / ) Reh hf l D t D


















Re Re  
0.5 0.15 0.140.53Re ( / )hj l D 
    















[8, 51, 65] 
*
Re e 1000R 
 
0.40 0.24 0.020.21Re ( / ) ( / )h hj l D t D
   
0.36 0.65 0.171.12Re ( / ) ( / )h hf l D t D
   
Where      
1
0.51.23 0.58






     
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Re 2000  0.25 0.184 0.671.37( / ) Rehj l D 
    
0.32 0.092 0.675.55( / ) Rehf l D 









Re 2000  1 0.089 0.361.17( / 3.75) ( / ) Reh hj l D t D
    
0.5 0.534 0.200.83( / 0.33) ( / ) Reh hf l D t D
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Dhnot mention clearly [123] 
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0.653 0.09


















Re < Re* 
(laminar flow)
 
-0.5403 -0.1541 0.1499 -0.0678j= 0.6522 Re     
 









[8, 51, 65] 
Re > (Re* + 1000) 
(turbulent flow)
 
-0.4063 -0.1037 0.1955 -0.1733j= 0.2435 Re     
 
- 0.2993 - 0.0936 0.6820 - 0.2423f = 1.8699 Re       










0.51 0.275 0.27 0.0630.36(Re) ( / ) ( / ) ( / )j h s l s t s  
 
0.70 0.196 0.181 0.1044.67(Re) ( / ) ( / ) ( / )f h s l s t s  
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0.42 0.288 0.184 0.050.18(Re) ( / ) ( / ) ( / )j h s l s t s    0.286 0.221 0.185 0.0230.32(Re) ( / ) ( / ) ( / )f h s l s t s  
 
0.217 1.433 0.217Re* 1568.58( / ) ( / ) ( / )h s l s t s    0.06 0.1 0.196Re* 648.23( / ) ( / ) ( / )h s l s t s   
 
In 2011 Kim [109]has estimated the correlation on the basisof blockage ratio (β)on the reference of Manglik and Bergles 
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2.7. Deviations from Idealized Condition 
Declination of the heat exchanger performance affects its effectiveness for cryogenic 
applications. The most severe performance deterioration is discussed in this section. So the 
adverse cases that impact on the performance are  
 Axial and longitudinal heat conduction  
 Heat leak from or to the ambient, 
 Flow maldistribution at the headers and due to manufacturing errors. 
  Fluid property variation at low temperatures. 
 
2.7.1 Consequence of Axial and Longitudinal Heat Conduction. 
Heat conduction effects due to axial and longitudinal considered during the design of highly 
effective plate fin heat exchanger for the application of cryogenics. 
The axial heat conduction is applied for the design of heat exchanger. The reason for the 
application are examined by various investigators on which Landau et al. [125] gave the axial 
heat conduction equations. Kays et al. 1960 [48] represent the graph showing the 
deterioration due to axial heat conduction and the effect is due to small temperature 
difference between the both fluids for balanced flow. Kroeger [126] extended the work to 
unbalanced and balanced flows. 
Besides the axial heat conduction Kays et al. [48] stated the ineffectiveness due to 
longitudinal heat conduction by a longitudinal heat conduction parameter. 
Chowdhury et al. [127] developed the equation to calculate the overall inefficiency. It also 
shows that by combining lateral resistance Kroeger [126] results can be utilized to calculate 
the efficiency.  
Hausen [128] obtained an approximation scheme to investigate longitudinal heat conduction 
effect on the performance and shows the temperature declination on the graph without taking 
longitudinal heat conduction. Hahnemann studied the longitudinal heat conduction in a single 




the effectiveness of a heat exchanger subject to longitudinal heat conduction.Bahnke et al. 
[130] used numerical finite-difference analysis to compare their results with that of 
Hahnemann [129] and observed that deterioration of the heat exchanger performance is 
maximum when the ratio of the flow stream capacity rates is same. The numerical 
investigation has been done on accounting lengthwise heat conduction on different 
directional flow crossflow, counterflow and parallel- flow type for the different range of ntu 
by Chiou [131, 132]. Venkatarathnam et al. [133] concentrate on the longitudinal heat 
conduction in the outer wall to the surrounding on which less attention than the inner 
separating wall between two fluids. So degradation in the performance of heat exchanger is 
due to longitudinal heat conduction through the outer walls is not insignificant and the 
effectiveness varies up to 10±15%. Ranganayakulu [134] investigated on the longitudinal 
heat conduction of plate-fin compact heat exchangers. 
2.7.2 Effect of Heat Transfer to The Ambient 
Furthermore, heat leak from the surrounding through the wall degrade the performance of the 
cryogenics heat exchanger as the temperature difference between the ambient and heat 
exchanger is too high.So the heat leak is dramatically more as compared to the ordinary 
system, therefore, reviewing the longitudinal heat conduction through wall and heat leak from 
surrounding was investigated by the various researcher. Associated document presented for 
insulating the system to prevent heat interaction between the fluid and the surrounding. Wood 
and Kern [135]resolve a solution for longitudinal heat conduction and heat leak from 
surrounding to the wall unconventionally and develop governing differential equations. They 
clarified the needs of the design engineer and achieved a closed iterative technique to govern 
heat exchanger effectiveness since heat loss to the atmosphere is an inadequate assessment. 
Chowdhury and Sarangi [136] provide the equation for effectiveness without an iterative 
procedure by considering heat leak terms. Barron [137] derived the equation for two cases i.e. 
heat loss from the hot side to the surrounding and second is gain of heat from the surrounding 
to the cold side. Gupta [138] considered the degradation factor for the decline in the 
performance of the heat exchanger due to heat leak from surrounding and longitudinal 
conduction through wall by experiment.Shown in Temperature graph of hot and cold fluid 
flow lengthwise also considered the effect of heat capacity and heat in leak parameter on 






2.7.3 Effect of Flow Maldistribution 
The execution disintegration of plate-fin heat exchangers because of stream mal distribution 
is also a genuine problem. Mueller [139] and Mueller et al. [139] considered different sorts of 
flow mal distribution in heat exchangers and discussed their reasons. The impacts of a few 
sorts and examples of mal distribution in heat exchangers on the exchanger heat 
executionexplored. The examination demonstrated that a littler diminishment in execution 
happens in heat exchangers, with the turbulent flow than with laminar flow. A foremost 
experimental study on the impact of the flow arrangement on plate-fin heat exchangers has 
done byJiao and R. Zhang [140]. Kitto et al. [141] pointed out that the two-phase flow heat 
exchangers still poses a formidable challenge if poor performance resulting from 
maldistribution of flow.Lalot and bergles [142] suggested the simple and regulated way of 
misdistribution and its calculation with high-quality by studying the flow distribution. Zhang 
[143, 144] reported the effect of flow maldistribution by using CFD simulation. A large 
portion of the past works predominantly concentrated on the impact of flowonconsistency on 
heat exchanger taking into account their particular flow maldistribution model. Whereas Wen 
[145] utilized C.F.D method to explain the heat transfer and pressure drop in the header. 
Hesuggested, an opening to introduce baffle in the header to enhance the execution of flow 
appropriation. On the reference of numerical analysis [146], flow examples of the flow field 
in the header of plate-balance heat exchanger have been explored by a method for particle 
image velocimetry (PIV). Jaio et al. [147] perform an experiment for uniform flow 
distribution by applying the second header with patterns of coaxial holes in increasing order 
on the both side of the middle hole. The effect of the second header improves the 
performance of heat exchanger. Consequently, Wen et al. [145] placed a baffle plate in the 
header of three varying size of the various hole to improve the maldistribution and study the 
flow pattern. By this analytical approach Wen et al. [148] performed an experimental  and 
numerical examination.  
 
2.7.4 The effect of variable fluid properties 
The properties are changing along the length as due to the absolute temperature deviation 
between the stream and the surrounding or between the fluid causes the occurrence of 
variation in fluid properties.The variation in the fluid decline the effectiveness of heat 




variable fluid properties considered along with axial conduction. So the variation in specific 
heat which depends on the temperature considered on the performance of cryogenic heat 
exchangers. 
The variation in fluid property such as local heat transfer coefficient due to the change in 
temperature over the length are also affected by the formation of theboundary layer. Shah 
[149] introduced a method to include these effect on the performance of heat exchanger 
having two streams. Variation of fluid properties affect temperature along with the 
longitudinal heat conduction has incorporated by Paffenbarger [150] using computationally 
intensive numeric model. Multistream heat exchanger performance also effected and 
illustrated the effect by them through an example. 
Although there are tremendous uses of PFHX and but a very fewer work on Experimental 
studies performed on plate fin heat exchanger using liquid nitrogen. Previously no one 
focused on the performance or the effectiveness of plate fin heat exchanger using the present 
method of experimental studies at cryogenic temperature. This method seems to be simplest 



















3 DESIGN SPECIFICATION OF PLATE 
FIN HEAT EXCHANGER 
 
In this session, heat exchanger design or sizing problem is discussed. The predominant effect 
of heat exchanger size on process plant is the major problem. It was concluded that large heat 
exchanger size has negative influence on assessment of the equipment. So, the sizing of heat 
exchanger is an imperative part of design process which decides exchanger size and geometry 
to fulfil the required capacity for the equipment.  
The most widely recognized issues in plate fin heat exchanger configuration are estimating 
the size and the rating. The rating issue is to evaluate the thermo-hydraulic performance of a 
fully specified exchanger. The rating program decides the heat transfer rate and the fluid 
outlet temperatures for recommended fluid flow rates, inlet temperatures, and the pressure 
drop for an existing heat exchanger; consequently, the heat transfer area and the dimensions 
of flow geometries are available. The sizing issue, on the other hand, is deal with the 
determination of the measurement of length of the heat exchanger. In the sizing problem, an 
applicable heat exchanger type is chosen and the size to meet the predefined hot and cold 
fluid inlet and outlet temperatures, flow rates, and pressure drop are resolved. The flow chart 
of design is shown schematically in Figure 3.1. 
3.1 Brief Outline of Design Method 
In design process, Colburn and friction factor are an essential term. To find these terms, 
several correlations were developed on the basis of experimental data for plate fin heat 
exchanger. In this work, some important correlations are used to correlate data for specified 
heat exchanger by an equation provided by various researcher. In this chapter, few 
correlations are presented which had been established [45, 68,70]. Although the desired 
effectiveness is computed through appropriate correlations but the performance of the heat 




heat loss to the surroundings, flow maldistribution at the headers, manufacturing irregularities 
etc. Among these factors, some have not much effected on the gas to gas type of Plate fin 
heat exchanger. It is required to consider the longitudinal heat conduction which have 
predominant effect on the effectiveness of cryogenics heat exchanger. In general, longitudinal 
heat conduction is neglected in some conventional heat exchanger. Kroeger [126] proposed 
the equation for correct prediction of performance for Plate fin heat exchanger. 
The step-by-step procedure to design the heat exchanger are provided. The parameters of 
PFHX is designed for low pressure [1]. At low temperature, selection of heat exchanger 
depends upon the inlets temperatures of hot and cold sides. Even though there is a significant 
change in temperature but the fluid is in single phase during the flow due to which density 
does not differ significantly throughout the length. So, for approximate analysis mean 
temperature was used to evaluate the properties. The procedures of design are as follows [1]. 
1. To compute the outlet temperatures of cold and hot fluids designed for the estimated 
effectiveness, the following equations have been used. 



















2. Evaluate the properties from the mean temperature using equation (3.3) and (3.4) and 

























3. To improve the valve of hoT , optimize the specific heat of hot gas up to the 
insignificant variation in specific heat to the previous evaluated values obtained from 
mean temperature of hot gas. Again calculate Thm  from the improved valve of hoT . 
4. The fluid properties at mean temperatures are evaluated for cold and hot gas. 
 
 Hot Gas Cold Gas 
  .Pa s  .Pa s  
pc  
kJ / kg.k  kJ / kg.k  
Pr  ------ ------ 
  3/kg m  
3/kg m  
 






















    
Such that min max&c hc c c c   if h cc c else max min&c hc c c c   




6. Calculation of heat transfer area from the specified geometry.  
 
 
Fin spacing, s (excluding the fin 




















































7. Equivalent diameters obtained from different correlations [3.10 (a), (b), (c)] 
            Equivalent Diameter,  
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8. Calculation for heat transfer area, 
            Total area between plates, A b N Wfrh h





































  3.16 
 
 







11. Evaluate Reynolds number for laminar and turbulent boundary regimes and analyze j 
and f factor for the fluid from Table 3.1 to 3.3. 
 
Table 3.1 Joshi and Webb correlation  
   
Reynolds No. Correlation 
Heat transfer flow friction 
*
Re Re  
0.5 0.15 0.140.53Re ( / )hj l D 





Re e 1000R   
0.40 0.24 0.020.21Re ( / ) ( / )h hj l D t D
   0.36 0.65 0.171.12Re ( / ) ( / )h hf l D t D
   
Where      
1
0.51.23 0.58






     
       












Table 3.2 Manglik and Bergles correlation  
Reynolds No. Correlation 
Heat transfer flow friction 
Re < Re* 
(laminar flow)
 
-0.5403 -0.1541 0.1499 -0.0678j= 0.6522 Re     
 
-0.7422 -0.1856 0.3053 -0.2659f = 9.6243 Re       
Re > (Re* + 1000) 
(turbulent flow)
 
-0.4063 -0.1037 0.1955 -0.1733j= 0.2435 Re     
 
- 0.2993 - 0.0936 0.6820 - 0.2423f = 1.8699 Re       
Where      
1
0.51.23 0.58






     
       
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Table 3.3 Maiti and Sarangi correlation 
 
  
Reynolds No. Correlation 
Heat transfer flow friction 
Re < Re* 
(laminar flow)
 
0.51 0.275 0.27 0.0630.36(Re) ( / ) ( / ) ( / )j h s l s t s    
0.70 0.196 0.181 0.1044.67(Re) ( / ) ( / ) ( / )f h s l s t s     
Re > Re* 
(turbulent flow)
 
0.42 0.288 0.184 0.050.18(Re) ( / ) ( / ) ( / )j h s l s t s    0.286 0.221 0.185 0.0230.32(Re) ( / ) ( / ) ( / )f h s l s t s    
Where       0.217 1.433 0.217Re* 1568.58( / ) ( / ) ( / )h s l s t s    
0.06 0.1 0.196Re* 648.23( / ) ( / ) ( / )h s l s t s   
 

















































15. Overall effectiveness, (Where fo  is efficiency of inner fin [126]). fo  is the 
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16. Determine overall heat transfer coefficient (U) on each side of fluid flow putting 
values obtained from eqn. (3.18) to (3.21). 
1 1 1
( )o o oh h h w w oc c c
a
U A h A K A h A 






17. Considering the value of NTU from eqn. (3.5). Compute the  0 0U A  which is 
calculated for core mass velocity. 
 





18. Equate eqn. (3.23) and (3.22) to calculate heat transfer area. 
 





























20. Determine the pressure drop on the fluid side, using standard f factors. 
 
21.  Optimized the fin geometry on the basis of pressure drop.  
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Figure 3.1 Flow diagram to optimize the Plate fin heat exchanger  
geometry using iterative design process for desired effectiveness 
j
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Assess Thermal Parameters from equation (3.18) to (3.23) 
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3.2 Specification of Fin Geometry and Input Parameters 
The performance assessment of plate fin heat exchanger depends upon its selection criteria. 
In this section, the systematic procedure for design of heat exchanger is specified as follows. 
1. Conclude the surface geometrical parameters 
Figure 3.2 demonstrates a diagram of a general counter flow offset plate fin heat exchanger 
strip. Figure 3.3 represents the geometry in which the structure parameters are fin spacing (s), 
fin height (h), fin thickness (t), and fin length (l) for offset strip of plate fin heat exchanger. 
The dimensionless terms incorporate as: 
 a = s/h, d = t/l and c = t/s 
 
 
Figure 3.2 Counter flow offset plate fin heat exchanger strip 
 
 










Table 3.4 Fin geometry used in heat exchanger 
FIN GEOMETRY  H.P SIDE (Hot Fluid)   L.P SIDE (Cold Fluid) 
Fin Type Serrated Serrated 
Fin frequency, f  714 fins /meter 588 fins/ meter 
Fin length, l  3 mm  5 mm  
Fin thickness, t  0.2 mm  0.2 mm  
Fin height, h  9.3 mm  9.3 mm  
No. of layers  5  4  
 
2. Dimensions associated with the preferred fin geometry. Some associated dimensions are 
calculated from equation 3.6 to 3.11. 
3. Calculation of heat exchanger dimensions, 
i) Width of the core, W = 73 mm  
ii) Total Number of layers, N = 9.  
4. Fluid flow parameters. 
Table 3.5 Specified Input Data for Plate Fin Heat Exchanger used for LN2 plant 
Fluid Flow Parameter H.P SIDE (Hot gas)   L.P SIDE (Cold gas) 
Mass flow rate (kg/s) 0.0822  0.07791  
Inlet pressure (bar) 8 1.15 
Fluid inlet temp. (K) 310  99.716  
Fluid outlet temp. (K) 124.26  301.54 
Allowable pressure drop (bar) 0.05  0.05  




Note:- Estimated Design Effectiveness ≥ 0.95 
Table 3.6 Effective properties at mean temperature 
Fluid Properties Hot fluid at mean temprature cold fluid at mean temprature 
Sp. Heat (Cp) (J/kg-K) 1043  1043  
Viscosity( μ ) (N/m
2
-s) 0.0000134  0.00001295  
Peclet number 0.74767  0.75 
Density (kg/m
3
) 1.583  1.711 
   
Table 3.7 Flow configurations for both sides of counter flow 
Heat transfer area Hot side (m
2
) Cold side (m
2
) 








Wall conduction area on hot side 0.0010a
wh
  0.00069awc   
 
 
3.3 Design Correlations of Heat Exchanger   
The concluded design parameters obtained by logical reasoning using correlation developed 
by Joshi et al., Maity et al., Manglik et al. and simulation using Aspen-Muse
©
 are 
represented. Design parameters of offset fin based on previous correlations presented in a 
tabular form as shown in Table 3.4. The proposed design methods for the selection of heat 
exchanger dimensions were developed analytically using Matlab
©
. The relationship between 
the variables to find the heat transfer and flow friction with respect to Reynolds number is 
established by the investigator.      
Joshi et al. [58] developed an analytical model to correlate the j and f factors related to wake 
region in boundary layer separation of the fins. The offset fin arrays were used to anticipate 




Reynolds number for the wake width, i.e. the transition Reynolds number, was formulated 
and then j and f factors correlations for the laminar and turbulent flow was given to visualize 
the flow patterns in the fin wake to analyses the stress on transition. 
The correlations given by Joshi and Webb shown in Table 3.1 provides the friction factor, f 
and Colburn factor, j. Table 3.1 also represents the critical Reynolds number on which the 
correlations of j and f factor depends upon. The hydraulic diameter considers for calculating j 
and f factor are given in equation 3.10 (a) 
Manglik et al. [64] choose an experimental data of 18 offset plate fin surfaces from  Kays et 
al. [8], London et al. [51] and Waiters [65]. Table 3.2 provides the correlation developed by 
Manglik et al. taking critical Reynolds number into account. The equation for hydraulic 
diameter is given in Eqn. 3.10 (b). Maiti et al. [124] used CFD simulation for developing 
conceptual correlation for j and f factors detailed in Table 3.3. 
Experimental study is performed and a couple of readings are taken which is applied to form 
a wide range of data by comparing its result with the CFD model and form a trend to develop 
correlations. In this author used finite volume method by applying PHOTON computational 
software to generate the data for plate fin heat exchanger [124]. The correlation developed by 
the Maiti et al. shown in table 3.3 gives the critical Reynolds number separately for heat 
transfer and pressure drop and the hydraulic diameter for this case is given in Eqn. 3.10 (c). 























Joshi and Webb 
 
 
Manglik and Bergles 
 
 






Hot  Gas 2.0618 2.0618 2.0618 
Cold Gas 2.4170 2.4170 2.4170 
Re
* 
Hot  Gas 226.0105 270.2149 226.0105 
Cold Gas 344.7136 398.4808 344.7136 
j Hot  Gas 0.0463 0.0346 0.0348 
Cold Gas 0.0349 0.0258 0.0247 
f Hot  Gas 0.1206 0.1557 0.1602 





Hot  Gas 649.95 486.5900 489.1776 





Hot  Gas 208.1588 180.1092 180.5875 
Cold Gas 195.7381 168.2457 169.6882 
η Hot  Gas 0.6913 0.7375 0.7366 
Cold Gas 0.6950 0.7423 0.7487 
UoAo 
(W/K) 
Hot  Gas 168.7144 136.5704 131.0826 
Cold Gas 238.2437 185.4332 181.6910 
L  
(m) 
Hot  Gas 0.9078 1.3540 1.1325 
Cold Gas 0.9504 1.4115 1.2462 
∆P  
(Pa) 
Hot  Gas 1.9808e+003 2.0775e+003 3.2825e+003 





3.4 Simulation Software for Design of Heat Exchanger 
Thermal design of Plate fin heat exchanger using Simulation software: 
Aspen – muse
©
 has been used to design the plate fin heat exchanger to calculate the 
geometrical parameters. It supports the operation technique based on properite correlations. 
During design process, various losses was considered which was imposed due to longitudinal 
heat conduction and others.    
 
 
Figure 3.4 Dimensions of Plate fin heat exchanger using simulation software 
3.5 Specification of Heat Exchanger Dimensions 
The purpose of this design was to assess the dimension based on the calculated dimensions 
which are justified by considering various correlations and simulation. The presented 





Table 3.9 Interior and total size of the plate fin heat exchanger  
 
S.No. Core Design size Dimensions  (mm) Total Design size Dimensions (mm) 
1.  Core Width   73 Total Length  1000 
2.  Core Height  93 Total Width  85  
3.  Core length  900 Total Height  105  
 
The experimental and the analytical review (Rating problem) includes the concluded 





























4 RATING OF PLATE FIN HEAT 
EXCHANGER 
 
In this section, rating problem of the heat exchanger was discussed. Moreover, the 
rating of heat exchanger determines the effectiveness of heat exchanger. The performance of 
a heat exchanger depends on effectiveness. It calculates the outlet temperatures of heat 
exchanger and computing outlet temperature is an iterative process until the outlet 
temperature converges. So, the sizing and rating of a heat exchanger are important because its 
effectiveness is directly proportional to the effective performance of the equipment. 
The rating issue is assessing the thermo-hydraulic performance of a completely 
designated exchanger. "Rating" is the computational procedure in which the channel stream 
flow rates and temperatures at the inlet, thermodynamic properties of the fluid, heat 
exchanger measurement are taken as a factor and temperatures at outlets are to be found. The 
effectiveness associated with the heat transfer coefficient through correlations developed by 
the researchers by performing different sets of the experiment. Initially, use the pre-estimated 
effectiveness to find the actual effectiveness, outlet temperatures and the average fluid 
temperatures. Since, the outlet temperatures are not given in the rating problem therefore 
hypothetical value of effectiveness was taken from the previous research practices [1]. 
The rating issue specified the present Plate fin heat exchanger to fulfill the heat 
transfer load under the limited pressure drop. 
Brief outline of rating process of Plate Fin Heat Exchanger: 
 Evaluate the mean temperature for both side of fluid flow and estimate the mean bulk 
temperature. 
 Determine the properties from Refprop at mean temperature for each side of fluid. 
 Specify heat exchanger input parameter. 
 Calculate the heat transfer area. 
 Calculate Reynolds number, heat transfer coefficient and Colburn factor (j). 




 Compute the outlet temperatures of hot and cold fluid. 
 Determine the pressure drop and friction factor (f) for both the sides. 
4.1 Specified Heat Exchanger and Input Parameter   
The detail evaluation processes for calculating unknown parameters are given. Generally, 
rating problems have the following criteria as referred in Table 4.1. 
Table 4.1 Rating Process 
 
Data Rating Method 
Specified data Length, Width, and Height 
Inlet data Mass flow rate, Fluid temperatures  
Output data Thermal duty  
 
Whereas in design problem the main objective is to find out the block size as mentioned in 
Table 4.2. 
Table 4.2 Design Process 
Data Rating Method 
Specified data Thermal duty 
Inlet data Mass flow rate, Fluid temperatures  
Output data Length, Width, and Height  
 
The detail specifications of plate fin heat exchanger are given in Table [4.3, 4.4, 4.3] 
represents the core dimensions including the thickness of separating plate, end plate and end 
bar. Table [4.4] represents the dimensions of the fin geometry of the core.  
Table 4.3 Size of the offset Plate Fin Heat Exchanger interior 
ITEM 
NO. 
ITEM DISCRIPTION SIZE IN MM QUANTITY IN 
NOS 
1.  Edge bar  9.5x6x79 18 
2.  Side bar 9.5x6x950 18 
3.  Offset serrated fin 9.5Hx73Wx900L 4/5 
4.  Separating sheet 105Wx900Lx0.8THK 10 







Table 4.4 Core size of a Plate Fin Heat Exchanger 
S.No. Design size Dimensions in mm 
1.  Core width   73 
2.  Core height  93 
3.  Core length  900 
 
The detail dimension of geometry of a fin and the fin frequency of serrated fin is given in Table 4.5  
 
Table 4.5 Dimensions of Fin Geometry  
FIN GEOMETRY  H.P SIDE (Hot Fluid)   L.P SIDE (Cold Fluid) 
Fin Type Serrated Serrated 
Fin frequency (f)  714 fins /meter 588 fins/ meter 
Fin length (l)  3 mm  5 mm  
Fin thickness (t)  0.2 mm  0.2 mm  
Fin height (h)  9.3 mm  9.3 mm  
No. of layers  5  4  
 
4.2 Rating of Specified Heat Exchanger Through Different 
Correlations.  
Different correlations are used for rating to determine the effectiveness and pressure 
drop for specified mass flow rate and inlet temperatures at the cold and hot ends. In order to 
find out the effectiveness and pressure drop, other responses are also drawn out from the 
rating analysis from the available variables and constants. The analytical examination of plate 
fin heat exchanger uses three different correlations developed by Joshi et al., Maity et al. and 
Manglik et al. in the present assessment. The rating problem uses a similar formulation as in 
sizing problem to find the output data from specified data and input data. The only difference 
is that it draws out the specified data (Length, Width and Height) from the design (chapter-3) 
and determines the effectiveness and pressure drop. The step of finding the responses is 






4.2.1 Performance Evaluation Using the Correlation of Maiti and Sarangi 
Table 4.6 Input values of Plate Fin Heat Exchanger 
 
Inlet Temperature (K) Pressure (Bar) Mass flow rate (g/s) 
Hot 307.5 1.05 6.029 
Cold 107.8 1.037 6.029 
 
1. First compute the outlet temperatures of cold and hot fluid which is designed for the 
estimated effectiveness i.e. 95% using the following equation. 
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Since the mass flow rate is same therefore by evaluating the above equation  
,c oT  = 291.508 and ,h oT  = 123.592 
 























Therefore, the mean temperature on each side of fluid. 
,c mT  = 199.55 and ,h mT  = 215.54 
 







Table 4.7 Fluid properties of hot and cold gas 
 
 Hot Gas Cold Gas 
  0.00001374Pa s  0.00001289Pa s  
pc  1042.9 J / kg.k
 1043.6J / kg.k  
Pr  0.7331 0.7371 
  31.644 /kg m  
31.7548 /kg m  
 
 
4. Calculation for heat transfer area from the selected geometry  
 
Fin spacing, s (excluding the fin 































Heat transfer area / fin, 
 






















            Equivalent Diameter,  












   
            Maiti and Sarangi,  2( )


















Heat transfer area, 









































Table 4.8 Fluid flow Parameter of hot and cold gas 
Parameters High pressure side Low pressure side 
Fin spacing, s (m) 0.001201  0.001501 
Free flow area to frontal area ratio 0.69936 0.748699 
Heat transfer area / fin (m
2
/fin) 0.00006672 0.000112 
Ratio of fin area to heat transfer area of fin 0.892041 0.865683 
Equivalent Diameter (m) 0.001674 0.002165 
Distance between plates (m) 0.0095 0.0095 
 
Table 4.9 Heat transfer area (m
2
) 
 High pressure side Low pressure side 
Total area between plates  0.003468 0.002774 
Total free flow area, 0.002425 0.002077 
Wall conduction area on hot side 0.001042 0.000697 
Total heat transfer area 5.216633 3.452948 
 




























Evaluate Reynolds number for laminar and turbulent boundary regimes  
 




Various correlations presented in the literature which emphasize on the performance of heat 
exchanger on the basis of Colburn factor and Friction factor. Here we use only three out of 
them to find out j and f factor. The first one is Maiti et al. correlation. 
Table 4.10 Maiti and Sarangi correlation 
 
  
Reynolds No. Correlation 
Heat transfer flow friction 
Re < Re* 
(laminar flow)
 
0.51 0.275 0.27 0.0630.36(Re) ( / ) ( / ) ( / )j h s l s t s    0.70 0.196 0.181 0.1044.67(Re) ( / ) ( / ) ( / )f h s l s t s    
Re > Re* 
(turbulent flow)
 
0.42 0.288 0.184 0.050.18(Re) ( / ) ( / ) ( / )j h s l s t s    0.286 0.221 0.185 0.0230.32(Re) ( / ) ( / ) ( / )f h s l s t s    
Where       0.217 1.433 0.217Re* 1568.58( / ) ( / ) ( / )h s l s t s    0.06 0.1 0.196Re* 648.23( / ) ( / ) ( / )h s l s t s   
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Table 4.11 Heat transfer coefficient and effectiveness  
 
Parameters High pressure side Low pressure side 
core mass velocity, G 2.49 
 
              2.90 
Reynolds number, Re 302.98 
 
487.53 
heat transfer coefficient 95.63 
 
74.43 
core mass velocity, 75.00 
 
66.16 







12. Determine U on each side of fluid flow putting values obtained from equation (4.18) 
to (4.21) 
1 1 1
o o oh h h w w oc c c
a
U A h A K A h A 





13. Considering the value of NTU from equation (4.5). Compute the  0 0U A  using 
equation. 
 












14. Equate equation (4.23) and (4.22) to calculate heat transfer area. 
 
15. Effectiveness with heat conduction along the axial direction. 
It is necessary to consider the longitudinal heat conduction which has predominant 
effect on the effectiveness for high-effectiveness cryogenics heat exchanger. In 
general, longitudinal heat conduction is neglected in convention heat exchanger. 















































































































With the following effectiveness calculation is done for the cold and hot exit temperatures 
from equation (4.26) and (4.27). If the outlet temperatures are same or near to that as 
computed from estimated effectiveness iteration is terminated otherwise iteration is again 
initiated using previously obtained outlet temperatures from step 2 to15 until the assumed and 
computed outlet temperatures converge up to the preferred values. 
 
 min
, , , ,( )h o h i h i c i
h
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Cold outlet temperature,  
 
min
, , , ,( )c o c i h i c i
c
C
T T T T
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Table 4.12 Heat transfer coefficient and effectiveness  
 






16. Determine the pressure drop on each side of fluid using standard ‘f’ factors are shown 
in Table 4.9. 













So, the pressure comes out from the calculation on accounting the friction factor ‘f’ 
for hot and cold side fluids. 
 
Table 4.13 Evaluated values of friction factor and pressure drop 
 
 Friction factor, f Pressure drop, P  
Hot side 0.13047 527.22 
Cold side 0.08697 347.38 
 
Since, the pressure drop is under the allowable limit of 0.0056 bar there is no need of 
further iteration. 
 
4.2.2. Performance evaluation using the correlation of Manglik and Bergles  
Manglik et al. correlation is carried out for prediction of outlet temperatures, 
effectiveness and pressure drop including thermal and hydraulic performance of heat 




difference is observed in hydraulic diameter, Colburn factor and the friction factor equation 
as given below in equation 4.29 and Table 4.14.         
  
 











Table 4.14 Manglik and Bergles correlation  
Reynolds No. Correlation 
Heat transfer flow friction 
Re < Re* 
(laminar flow)
 
-0.5403 -0.1541 0.1499 -0.0678j= 0.6522 Re       
-0.7422 -0.1856 0.3053 -0.2659f = 9.6243 Re       
Re > (Re* + 1000) 
(Turbulent flow)
 
-0.4063 -0.1037 0.1955 -0.1733j= 0.2435 Re       
- 0.2993 - 0.0936 0.6820 - 0.2423f = 1.8699 Re       
Where      
1
0.51.23 0.58
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The calculated effectiveness from the above correlation is 0.9504 without considering of 
longitudinal effect and with longitudinal effect it is 0.9085. The pressure drop across the heat 
exchanger on the both side of hot and cold side is 0.003 bar and 0.002 bar which is under the 
allowable pressure.   
4.2.3. Performance evaluation using the correlation of Joshi and Webb 
Rating of heat exchanger by using the correlation of Joshi et al. is similar to that of 
Maiti et al. and Manglik et al. Same equations are used for the hydraulic diameter as in Maiti 




Table 4.15 Joshi and Webb correlation 
 
Reynolds No. Correlation 
Heat transfer flow friction 
*
Re Re  
0.5 0.15 0.140.53Re ( / )hj l D 




Re e 1000R   
0.40 0.24 0.020.21Re ( / ) ( / )h hj l D t D
   0.36 0.65 0.171.12Re ( / ) ( / )h hf l D t D




Where      
1
0.51.23 0.58






     
       
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The draw out effectiveness from the above correlation is 0.9712 without consider 
longitudinal effect and with longitudinal effect is 0.9280. The pressure drop across the heat 
exchanger on the both side of hot and cold side is 0.003 bar and 0.002 bar which is under the 
allowable pressure.  
 
 
4.3 Rating based on simulation software     
Aspen Muse
©
 is used for rating of plate fin heat exchanger. It provides better 
precision results to simulate the performance of presented exchangers. It provides the thermal 
and hydraulic analysis of fluid flow on a multi-layer fins. 
Figure 4.1 and 4.2 represent the variation of temperature and pressure with respect to 
the longitudinal distance. The inclination and declination of lines shows the fall and rise of 
temperature on each stream of both the sides vice versa. It shows the variation of pressure 
with respect to longitudinal distance. The curve shows drop in pressure on the both side of 
stream.  The graph is obtained from the analysis of plate fin heat exchanger by Aspen Muse
©
.   
The simulated result of effectiveness using Aspen Muse© along with the effectiveness 
































Table 4.17 and 4.18 represents the pressure drop using Aspen Muse
©
 and analytically using 
different correlations at hot and cold side of heat exchanger respectively.  
Table 4.17 Pressure drop (Hot End) at mass flow rate 
 Mass flow 
rate (g/s) 
Pressure drop at Hot Side 













Table 4.18 Pressure Drop (Cold End) at mass flow rate 
Mass flow 
rate (g/s) 
Pressure drop at cold side 









6.029 0.003474 0.002386 0.002445 0.00278 
 
4.4 Effect of heat leak to surroundings 
Highly effective heat exchanger is required for cryogenics applications. The 
temperature difference between the cryogenic equipment to that of surrounding is very large. 
Due to this temperature differences, the effectiveness of the cryogenic equipment is strongly 
affected by the losses such as longitudinal heat conduction and the heat leak from the 
surrounding. The heat leak to the surrounding can be controlled up to some extent by 
applying proper insulation. So, excellent methods is required for thermal insulation in 
cryogenic systems. Some cryogenic systems are placed in the vacuum chamber to insulate the 
system.  
In the present experimental examination, the performance of the plate fin heat exchanger is 
investigated at cryogenic temperature. The temperature difference from the surrounding to 
that of the test system as quite high therefore it is highly necessary to design support structure 




expanded perlite is used here in the present experimental setup to provide cost effective and 
better insulation. 
Expanded perlite offer better insulation. It has low thermal conductivity, 
incombustible and easy to handle. Expanded perlite sustains reliable measures at low 
temperature about in the range of 4.26 K to 1366 K and prevent the system from moisture. 
The thermal conductivity of perlite varies according to temperature and density. The demerit 
of expanded perlite dust is it causes chronic poisoning. 
The plate fin heat exchanger put inside the cold box filled with perlite and then 
covered with thermocol and the pipelines are insulated with foam and expanded perlite 
supported with thermocol. The RTD’s sensors were placed inside the insulation and insulated 
perfectly from ambient temperature. The conducted wire of RTD’s taken out from the 
insulation through the tiny holes.    
  Chapter V 
 
5.THE EXPERIMENTAL STUDIES 
 
5.1 Experimental setup and procedure 
The experimental setup comprises with counter flow offset plate fin heat exchanger as 
a test piece along with other components. The pressurized nitrogen gas from the liquid 
nitrogen storage tank through the vaporizer is made to pass through the plate fin heat 
exchanger on the high-pressure side and gets cooled with the help of chiller and pass again to 
the low-pressure side. This session describes the major component, arrangement of the 
experimental set-up and the calibration process of the apparatuses used. 
In this experiment, the mass flow rate for both the side is constant for a single set of 
experiment. Inlet and outlet temperatures and pressure are measured when flow achieves 
steady state. The same process is repeated for different mass flow rate. Process and 
instrumentation modules are represented in process chart as shown in Figure 5.1. The 
pressurized nitrogen as a working fluid from the vaporizer is collected in the reservoir tank 




fouling factor which affects the performance of the heat exchanger. Therefore, Nitrogen gas 
supplied to the test system is pure to avoid the fouling factor. Control valve manages to bring 
the flow of nitrogen gas at different flow rates. The gas enters to the high-pressure entry side 
of the heat exchanger and comes out from the high-pressure exit side thereafter it is allowed 
to pass through the chiller unit. The chiller unit is comprised of the cryogenic vessel (wide 
neck Dewar) in which a coil type heat exchanger is dipped in the liquid nitrogen bath in 
which the temperature of nitrogen gas decreases. The chilled gas is again sent back to the 
heat exchanger through the low-pressure entry side of the heat exchanger where it exchanges 
the heat from high temperature to the low temperature which can be realized by visualizing 
Figure 5.2 (during the commissioning process of experimental test plant). After that, nitrogen 
gas comes out from the heat exchanger through the low-pressure exit side of the heat 
exchanger.  
In the course of the flow process, valves and taps have to be evaluated in support of 
the performance perspective of the heat exchanger. For this purpose, instrumentation is added 
to the test rig for measuring the pressure, temperature and the mass flow rate. Pressure gauges 
are placed at the inlet on the hot side and also provide at the outlet of the cold side to measure 
the pressures of the fluids. U-tube manometers are coupled with a high-pressure side and 
low-pressure side to measure the drop in pressure on the both sides of the heat exchanger. A 
provision is added to attach the RTD module along with the data adequate system for the 
measurement of temperature at the inlets and outlets of the hot and cold streams. 
Unconventional automation designs consist of six RTD response channels ADAM-4015 
enclosed with ADAM-4520 which is connected to the computer. It is used for sensing 
different temperatures at different points of the test setup.  
The required section is carefully insulated separately. The pipe connections are 
properly wrap with insulation tapes along with perlite powder casing and heat exchanger is 
shielded with perlite powder supported with the thermocol sheets to reduce the thermal 
conduction as well as convection interacting with the environments as shown in Figure 5.2. 
In Figure 5.1 green dotted lines indicate the Resistance Temperature Detector 
(RTD’s) connection with the test rig to the data adequate system (ADAM VIEW) while 
yellow dotted lines are linked with the manometer. Instrumentation and fittings are listed 
below the figure 5.1. The photograph of the actual model during the commissioning process 





Figure 5.1 Process Flow &Instrumentation diagram of the experimental test rig 
 
1: Vaporizer  2: Control Valve 
3: Orifice 4: Inlet Pressure Indicator 
5: Bypass valve 6: Chiller Unit (Sub cooler) 
7: Outlet Pressure Indicator 8: Rotameter 
9: Monitor 10: ADAM View 
11: Manometer  






Figure 5.2 Photograph during commissioning 
 





5.1.1 Simple representation of Fluid Flow Facility of Experimental setup 
Above explained fluid flow facility of the experimental setup is clarifying by the schematic 
fluid flow diagram as shown in Figure 5.4. The fluid from the vaporizer flows into the chiller 
through heat exchanger. The chilled gas again comes back into the heat exchanger where it 




Figure 5.4 Schematic Fluid Flow diagram of Experimental setup 
 
5.2. Description of associated equipment and instruments   









 Liquid storage tank unit  
 Vaporizer 
 Test Section (Plate Fin Heat Exchanger) 
 Chiller unit 
 Temperature measurement devices (RTD) 
 Fluid metering device (Orifice and Rotameter) 
 Pressure measurement devices (Manometers and Pressure Gages) 
5.2.1. Storage tank  
The storage tank of liquid nitrogen and other cryogens are often called as Dewar. The 
vessel name is in the name of its inventor called James Dewar. It is made up of two layers of 
wall. Vessels have high levels of vacuum in between them to reduce the axial conduction and 
convection. The inner layer is of glass supported by an outer layer of metal for an extremely 
cold substance like liquid helium, another layer of the liquid nitrogen shield is provided to 
reduce the evaporation rate. 
Table 5.1 Basic Technical Specifications of Storage Tank 
Volume 75 Ltr. 
Diameter 550 (mm) 
Height 760 (mm) 
Neck width 450 (mm) 
Isolation Multi-Layer in High Vacuum  
Inside layer SS 304 
External layer CS 
Automatic jacket over pressure relief YES 
Weight 45 Kgs. (Approx.) 
 
5.2.2. Vaporizers 
The vaporizer is a kind of heat exchanger which is used to change the phase by 
transferring thermal energy from an external source of the fluid. Cryogenic liquid (N2) 
changes from a liquid state to the vapour state by exchanging heat with the ambient 
temperature.  
There are mainly two types of vaporizers 
 Natural draft vaporizers 
Natural draft vaporizers utilize free convection as the heat transfer mechanism. In the 





 Forced draft vaporizers 
Forced draft vaporizers utilize forced convection as the heat transfer mechanism. 
Multiple fans mounted at the top of the vaporizer supplies high-velocity of air downward 




Table 5.2 Technical Specification of Star Fin Vaporizer 
Volume 200 Nm
3
 / Hr 
Design Pressure 20 bar 
Design Temperature -198 
o
 C 
Design Code ASME Sec VIII Div 1 ED 2004 AD 2005 
 
5.2.3. Plate Fin Heat Exchanger 
The plate fin heat exchanger used in this experiment was manufactured by Apollo 
Heat Exchangers, Mumbai. The diagram for the manufacturing point of view has been shown 
in Fig.5.6 with all of its dimensions. The high-pressure side has five layers, and the low-
pressure side has four layers. Flow arrangement data is provided in Table 5.1. The core 
dimensions and fin geometry data has been tabulated in Table 5.2 and 5.3 respectively. The 
design data for this heat exchanger is given in Table 5.4.  
Table 5.3 Flow arrangement of the heat exchanger 
 HIGH-PRESSURE SIDE 
(Hot Fluid Side) 
LOW-PRESSURE SIDE 
(Cold Fluid Side ) 
Fin Offset-Strip Fin(OSF) Offset-Strip Fin(OSF) 
No. of Passage 5 4 
No. of Pass Single Single 
Flow Rate Counter Flow Counter Flow 
 
Table 5.4 Core size of the heat exchanger 
Core Length  900 Mm  
Core Width  73 Mm  
Core Height  93 Mm  




Total Width  85 Mm  
Total Height  105 Mm  
 
 
Table 5.5 Fin Geometry of the heat exchanger 
 FIN GEOMETRY  HIGH PRESSURE SIDE  
(Hot Fluid Side)  
LOW PRESSURE SIDE 
(Cold Fluid Side)  
1  Fin frequency, f  714 fins /meter 588 fins/ meter 
2  Fin length, l  3 mm  5 mm  
3  Fin thickness, t  0.2 mm  0.2 mm  
4  Fin height, h  9.3 mm  9.3 mm  
5  No. of layers  5  4  
 
Table 5.6 Flow parameters of the heat exchanger 
 HOT SIDE COLD SIDE 
Fluid  Nitrogen (HP)  Nitrogen (LP)  
Flow Rate  5 g/s  4.8 g/s  
Inlet Temperature  310K  83.65 K  
Outlet Temperature  92.85 K  301.67 K  
Allowable Pressure Drop  0.05 bar  0.05 bar  
Pressure At Inlet  7.35 bar  1.15 bar  














5.2.4. Chiller unit 
The chiller unit consists of coil type heat exchanger dipped in a broad neck Dewar 
filled with liquid nitrogen. Liquid nitrogen extracts heat from the gaseous nitrogen. The 
temperature of nitrogen gas can be controlled by controlling the level of liquid nitrogen in the 
Dewar. The sub-cooler (chiller) is used for supplying cold gas to the plate fin heat exchanger. 
It is designed and developed in our cryogenics lab.  
 
 
Figure 5.6 Design Model of Chiller Heat Exchanger 
 
The present work in this dissertation clarified the design criteria of the chiller to 
implement in the cold testing of Plate Fine Heat Exchanger. The LMTD method has been 




Exchanger. This new type heat exchanger has been used as a chiller for obtaining cryogenic 
temperature. The concept is developed here for the implementation in experimental work. 
It was concluded that the heat exchanger was explained by two main factors one is a 
low-pressure drop across inlet and outlet, and the other one is the high coefficient of 
performance. The equipment shown in Figure 5.6 is used for obtaining the outlet temperature 
up to 100K and it will connect to the plate fin heat exchanger for cold testing. Nitrogen gas 
flow inside the tube and the tube dipped inside the liquid nitrogen. The outlet temperature of 
the nitrogen gas is controlled by refilling liquid nitrogen up to the certain interval of time 
using supply line. Graph in the figure 5.7 shows the inlet temperature and the liquid nitrogen 








Figure 5.7 temperature profile w.r.t length 
 
5.2.4.1 Design of chiller unit 
 
1. MATHEMATICAL MODEL  
a. Inside tube heat transfer coefficients of nitrogen gas 













  Thi =308K 















If Re> 3500 flow is Turbulent [2] since in our case it is more than 3500  
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From equation-5.3, we can calculate the heat transfer coefficients (hc) of gaseous nitrogen 
inside the tube. 
b. Convective Heat transfer coefficient from the tube wall to liquid nitrogen at 77k 
Since the heat transfer is taken place between the tube wall and static fluid. So we will 
consider free convection 
Therefore, for free convection Nusselt number is given as [135] 
 











































By equating 5.4 and 5.5 equations, we will get the Heat transfer coefficient (h) from the tube 
wall to liquid nitrogen 
c. Boiling heat transfer coefficient 
For calculating boiling heat transfer coefficient, the convective contribution of heat transfer 








































































Where (ifg)e is an effective heat of vaporization [135] 
 






By equating 5.6 and 5.7 above equations, we will get the boiling heat transfer coefficient (hB) 
for liquid nitrogen. 
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Where, r0 & ri is outer & inner radius of the tube  
 




































Where         and min g pgC m C  
 



































The mathematical analysis represented in this section gives the calculated heat transfer 
coefficient of inner tube between the shell wall and liquid nitrogen. It calculates the heat 




Figure 5.8 Design Sketch of Chiller Heat Exchanger 
 
 
The geometrical model presented in Figure 5.8 designed by considering the thermal 
requirement and the inner shell geometry of the Penguin wide neck cryogenic Dewar. The 
construction of chiller unit also considers the other dimensions for the cold testing of heat 
exchanger. The traverse and crosswise movement of the fluid particle cause the turbulence 




whereas the pressure drop is comparatively low as compared to the helical coil type heat 
exchanger. 
2. NUMERICAL MODEL  
The heat transfers from liquid nitrogen in the wide neck cryogenic Dewar sustained at 196k 
±0.5 K to hot gas flowing inside the coil was evaluated through CFD analysis and compared 
its result with the analytical solution. The CFD contour as shown in Figure 5.9 the result 
explains the outlet temperature which verifies the analytical statement.  An experiment has 
performed to analyse the predicted data developed by CFD. The recorded database shown in 
Table 5.7 represents the comparison and variation between the outlet temperatures of 
nitrogen gas flowing in a coil to that of mass flow rate of nitrogen gas under the isothermal 
state.  
 










Table 5.7 Outlet Temperature as a function of mass flow rate 
S.No. Mass flow rate 
(Litre/min) 
Outlet Temperature (K) 
Analytical Numerical Experimental 
1.  300 100.48 111.26 106.4 
2.  350 106.14 114.46 111.4 
3.  400 110.72 118.15 114.1 
4.  450 116.01 122.35 118.3 


















































Figure 5.11 Effectiveness Vs Mass flow rate variation 
Estimations were performed for various flow rates of nitrogen gas supplied by a gas 
vaporizer. The measurements are taken at steady state conditions. The cooling process is due 
to the absorption of heat by the liquid nitrogen which boils off during the cooling process. 
Figure 5.10 demonstrates that the outlet temperature from the chiller due to change in the 
mass flow rate of the nitrogen gas. These show an increase in the outlet temperature as the 
mass flow rate increases. It also illustrates the minimum temperature 100.48K attended at 300 
liters/min. In Figure 5.11, the effectiveness of heat exchanger is plotted against the mass flow 
rate.  
5.4 Instrumentation 
The instrumentation is one of the most important parts of the experimental setup in 
which the Pressure gauges are placed at the inlet on the hot side and at the outlet of the cold 
side to measure the pressures of the fluids. The U-tube manometers are coupled with high-
pressure side and low-pressure sides to measure the drop in pressure on the both sides of the 
heat exchanger. A provision is added to attach the RTD module along with the data 
accusation system for the measurement of temperature at the inlets and outlets of the hot and 
cold streams. The details of the instruments are given below. 
5.4.1   Temperature measurement 
To quantify the performance of the Plate-fin type of heat exchanger, it is necessary to 
measure the temperature at various stages.  
Resistance temperature detector (RTD) 
Platinum resistance thermometers PT-100 a resistance temperature detector (RTD) is used as 
a temperature sensor. Platinum resistance thermometers (PRTs) has good precision over a 
varied temperature array (from –200 to +850 °C). The fluctuating property, the electrical 
resistance of a material change with the change of temperature and this concept is utilized to 
measure or to sense the temperature through RTD. In operation, a small current excitation 
across the component, leads to also the voltage that is related to resistance is then measured 
and changed to a unit of temperature calibration.  
PT-100 is the most common type of RTD. In PT-100, platinum resistance is changed to 100 
ohms at 0
o




different temperature range, but their nominal resistance unremarkably classifies RTD's at 
0
0
C.So the relation between the resistance and temperature is linear given as follow 











R  is the resistance at temperature  
R  is the resistance at 0
 3.9083 E – 3
  – 5.775 E – 7
  – 4.183 E –12 below 0 C  











The change in resistance as the temperature changes is used to determine the temperature. 
Temperature is measured at the four points of outlet and the inlet of the cold and hot region 
through resistance temperature detector (RTD). Two more RTDs are added into the chiller 
unit to record the chiller temperature to maintain the steady temperature of the flow. Before 
measurement, RTD’s is calibrated to ensure the correct result. Comparison method is 
commonly used. Since it is cost effective process hence several sensors can be calibrated 
simultaneously which are connected with multi-channel RTD sensor.  
 
Process of calibration of RTDs 
 Put three-fourth portions of the RTDs into the uniformly stable bath of liquid Paraffin 
in a beaker.  
 Attach the RTDs wires to the multi-channel RTD sensor. As shown in Figure 5.12. 
 This arrangement is electrically heated slowly and well-stirred bath to maintain 
uniformity.  
 The reading of all the RTDs are recorded respectively. Repeat the procedure for 
different temperature range and plot the graph. 













Figure 5.13 RTD calibrations graph 
Table 5.8 Temperature at different T100 
Thermometer RTD1 RTD2 RTD3 RTD4 RTD5 
1 0.94 0.91 1.1 1 0.84 
1.9 1.87 1.96 1.92 1.52 2.02 
5 4.38 4.39 4.89 4.27 4.47 
6 6 6.05 6.06 5.99 6.15 
8.4 8.52 8.34 8.16 8.16 8.36 
11.1 11.22 10.9 11 11.38 11.42 
17 17.25 17.66  17.32 17.68 17.8 
24.1 24.05 24.22 24.44 23.92 24.17 
30.7 30.63 30.8 30.29 30.28 30.48 
45.8 45.18 45.07 44.27 44.52 44.21 
52.5 51.89 51.89 52.16 52.26 51.81 
70.4 70.71 70.84 70.45 70.43 70.35 
81.4 81.76 81.48 81.86 81.95 81.85 
88.2 87.93 87.63 87.6 87.55 87.34 
103.8 103.84 103.67 104 102.97 103.51 
  
The error calculate after calibration of RTD sensors is 13.7%. (Appendix-I) 
To study the performance of the heat exchanger and to monitor the cooldown behavior, it is 
necessary to measure the temperature. So temperature is measured by using the Platinum 
Resistance Temperature Detector (RTD). It is the most linear and stable temperature sensor. 




4015 data acquisition modules are used, and it provides a data output view in PC by using an 
ADAM-4520 converter. Figure 5.14 shows the connection of ADAM View with the RTD’s 
to the monitor through the power supply unit. The actual picture of ADAM is presented in 
Figure 5.15. ADAM.NET utility software is used to connect it with a computer through VGA 
cable. The screen of software display is illustrated in Figure 5.16.     
 
Figure 5.14 ADAM View Connections 
 
 






Figure 5.16 Display of ADAM View S/W  
 
5.4.2  Orifice mass flow meter 
Orifice mass flow meter devices are used to determine the rate of flow through pipe. It 
consists of a flat circular plate which has sharp edged hole called an orifice concentric in the 
pipe.  
 





Orifice plate placed in between the flow in a pipe restrain the flow causes a drop in pressure 
or a pressure difference across the orifice plates. The change in pressure is measured by a 
manometer to calculate the mass flow rate.  
As shown in the Figure 5.17 nitrogen gas passing through the pipe of 1-inch diameter which 
is restricted by an orifice of diameter 1cm. The pressure difference across the orifice obtained 
from manometer through pressure tap.  
 
 Figure 5.18 Sketch of Orifice  













The coefficient of flow fC is in the range of 0.6 to 0.9 for most of the orifice. Since fC is 
depending on the mass flow rate (Reynolds number) and the diameter of pipe and orifice as 
required for a standard graph. 
Multiplying Q with density result the mass flow rate as, 




Therefore, the input parameters required to calculate flow rate are as follows  
 Diameter of pipe, di 
 Orifice plate diameter, do 
 Pressure difference through manometer, ∆P 
 Density of Fluid at flow, temperature and pressure, ρ 
 Flow Coefficient, Cf 
Table 5.9 Gas mass flow rate (Qmass) at various pressure differences ∆P 
Pressure differences 
∆P 





















41 5.466217 0.0052 0.00591 
74 9.865855 0.0068 0.00809 
120 15.99868 0.0085 0.01053 
138 18.39849 0.0091 0.01134 
166 22.13151 0.0099 0.0125 
200 26.66447 0.0107 0.01395 
228 30.3975 0.0112 0.0152 
 
The validation of measured mass flow rate through an orifice is calibrated through Rotameter  













300 0.00500 1.1980 
0.00599 
400 0.00667 1.2154 
0.008107 
500 0.00833 1.2444 
0.010366 
550 0.00917 1.2530 
0.011490 
600 0.01000 1.2733 
0.012733 
650 0.01083 1.3022 
0.014103 






Table 5.11 Error Differences in between Orifice and Rotameter  
   Run 
Number 





























































5.5. Estimation of heat exchanger Performance 
The performance evaluation based on the calculation are presented below 
The calculations present of this experiment are: 
a) Apply the energy balance equation on a Plate-Fin Heat exchanger 
b) Examine the effect of change of flow rates on the effectivness of the Plate-Fin Heat 
exchanger  
c) Determine the heat transfer and pressure drops for fins of the heat exchanger. 
d) Compare the performance between hot and cold flow test. 
 
 
5.6. Effect of heat leaks surrounding   
Heat leak to the surroundings through the wall degrade the performance of the cryogenics 
heat exchanger as the temperature difference between the ambient and heat exchanger is too 
high. So the heat leak is dramatically more as compared to the ordinary system. Therefore, 
many researchers investigated heat leak from surrounding. Associated document presented 
for insulating the system to prevent heat interaction between the fluid and the surrounding. 
Wood et al. [135] resolve a solution for longitudinal heat conduction and heat leak from 
surrounding to the wall unconventionally and develop governing differential equations. They 
justified the needs of the design engineer and achieved a closed iterative technique to govern 
heat exchanger effectiveness since heat loss to the atmospheres is an inadequate assessment. 
Chowdhury et al. [136] provide the equation for effectiveness without an iterative procedure 
by considering heat leak terms. Barron [137] derived the equation for two cases i.e. first is for 
the  heat loss from the hot side to the surrounding and second is to gain heat from the 
surrounding to the cold side. Gupta [138] consider the degradation factor for the decline in 
the performance of the heat exchanger due to heat leak from surrounding and longitudinal 
conduction through the wall by experiment.  
The heat leak from surrounding is prohibited or minimized by using thermal insulation. The 
thermal insulations for cryogenics systems required a high level of a prevention method. The 
temperature difference between the insulation layers might be in between the range of 4K to 




boundaries by interposing some thermal resistance. Thermal resistance reduces the heat 
conductivity. As the relationship between thermal conductivity (k) and thermal resistance (R) 











‘d’ is the distance of heat flow 
In the present test apparatus ‘bulk filling’ technique is used for insulation. The experimental 
setup is supported with steel structure covered with thermacol filled with perlite powder. So 
the main component of insulation is perlite powder. Expanded perlite offers better insulation. 
It has low thermal conductivity; it is incombustible and easy to handle. Expanded perlite 
sustained reliable measures at low temperature about in the range of 4.26 K to 1366 K and it 
prevents the system from moisture. The demerit of expanded perlite dust is that it causes 
chronic poisoning. 
The plate fin heat exchanger put inside the cold box filled with perlite covered with 
thermocol and the pipelines are insulated with foam and perlite dust supported with 
thermocol. The RTD’s sensors were placed inside the insulation and insulated perfectly from 
ambient temperature. The conducted wire of RTD’s taken out from the insulation through the 
tiny holes. 
5.7. Experimental error analysis  
Error estimation in an experimental setup is accomplished by uncertainty analysis. 
Uncertainty analysis is comprised with two errors one is fixed and another is random error. In 
every experimental test performance, uncertainty analysis depends on the accuracy of the 
instruments and gauges to define the result properly. The session describes the work process 
to achieve the consistency by calculating the uncertainty. So this section contains the 





Although there are different methods are there to find uncertainty in the experimental setup, a 
suitable method is adopted in this session. The more accurate method was presented by Kline 
et al. [152]. The Kline-McClintock Method determines the uncertainty of a calculation given 
certain measurements and the tolerances on those measurements.  Root –Sum squared 
method is used to determine the uncertainty in which the uncertainty in the result depends 
upon on the variable. 
Since the present work is mainly effected by temperature and mass flow rate through which 
effectiveness is evaluated. Therefore, effectiveness has been admitted for error analysis as 
followed. 
Suppose the uncertainty or error is denoted by R (i.e. Change in the result ‘R’) 
Since R is a function of the variable  1 2, nx x x  
 
1 2( , )nOr R R x x x    
5.22 
 
Then, 1 2, nx x x  is the variance of Result ‘R’ and 1 2, nx x x      are the 
uncertainties of the variables.  
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But according to Kline et al. [152] the uncertainty is described by the expanding the equation 
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So, the uncertainty in the result of the present experimental setup occurs due to an error in the 
measurement of temperature and flow rate. The mass flow rate individually depends upon the 
other variables, mainly on the pressure drop. The resultant η is partial differentiate with the 
individual variables m1, m2, T1, T2, T3 accordingly. 
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The experiment was conducted in sets under the various range of temperature from 106 K to 
308 K. The accuracy of the experimental setup depends on upon the experiences of the 
person and mainly the "precision" of the measurement devices. The error occurred due to the 
measurement of the experimental data is mainly for mass flow rate and temperature.  
The mass flow rate is calculated through the volumetric flow rate to take by using Rotameter 
at the outlet of the heat exchanger at a particular pressure and temperature. The calibration 
chart provided shows the accuracy of the Rotameter, which is within the limit error of ± 12 
litres/min described by the supplier of the instrument.   
 
Resistance temperatures detectors (RTD) are attached at the inlet and the outlet of the high-
pressure stream and to the low-pressure stream and calibrated through an experimental 

















 Chapter VI 
 
6 PERFORMANCE ANALYSIS 
 
A cryogenic heat exchanger setup is designed and fabricated to study the heat exchanger 
performance in a practical and efficient manner. It is necessary to test the performance of a 
heat exchanger which performs under cryogenic temperature. The performance analysis is 
conducted to find out the effectiveness and pressure drop of the heat exchanger. 
In this section tabulated experimental data are presented in Table 6.1 to 6.4. The 
Tables depict the test condition to determine the performance of Plate- Fin heat exchanger at 
cryogenic temperature. The experiment is conducted to collect the data for both the sides 
(high-pressure side and low-pressure side) at a different flow rate ranging from 6.02 gm/sec 
to 14.41 gm/sec and at different inlet temperatures to calculate effectiveness and pressure 
drop across both the sides (hot and cold loops). The calculate data represented in a form of a 
graph, comparing experimental results with the existing correlations. Aspen MUSE
©
, which 
is a proprietary software available for design and rating of plate fin heat exchangers, uses 
proprietary correlations for j–f factors of fins. 
6.1. Experimental results of cold and hot tests  


































300 0.05 0.037 5 5 307.5 128.2 107.8 281.5 
400 0.09 0.059 7 6 307.4 127.0 106.7 282.1 
500 0.14 0.089 9 8 307.4 124.6 106.1 282.5 
550 0.16 0.097 11 10 308.1 124.8 106.8 283.1 
600 0.18 0.119 13 12 307.9 125.2 107.8 282.6 


































300 0.05 0.037 6 5 308.8 133.0 111.2 281.6 
400 0.09 0.059 8 6 308.8 131.2 111.1 283.8 
500 0.14 0.089 10 8 308.5 129.3 110.9 283.8 
550 0.16 0.097 11 10 308.8 129.3 111.4 284.0 
600 0.18 0.119 13 12 307.9 129.4 110.8 282.6 
650 0.20 0.147 15 14 308.2 129.0 112.1 282.8 
 
 



























300 0.05 0.037 6 6 307.4 138.6 117.7 281.3 
400 0.09 0.059 8 7 307.6 137.1 117.9 283.5 
500 0.14 0.089 9 9 307.5 134.0 116.1 283.5 
550 0.16 0.097 11 10 307.8 134.8 117.6 283.9 
600 0.18 0.119 13 12 307.9 133.9 116.8 283.4 
650 0.20 0.147 15 14 308.2 134.5 118.2 283.6 
 
 



























300 0.05 0.037 6 5 308.4 142.5 122.1 282.9 
400 0.09 0.059 8 6 308.5 139.6 120.5 284.8 
500 0.14 0.089 11 8 308.4 137.4 119.8 284.8 
550 0.16 0.097 12 10 308.4 136.7 119.4 284.5 
600 0.18 0.119 14 12 308.6 137.2 120.4 284.5 





The experimental data along with the analytical and simulated result are presented. The 
effectiveness and pressure drop as a function of mass flow rate is represented. The Colburn 
factor and friction factor Vs Reynolds number is also determined from the experimental data 
and it is represented with analytical values in Table 6.8 to 6.11. The flow rates various from 
300 liters/min to 650 liters/min. 
6.1.1. Effectiveness of Plate –Fin Heat Exchanger at different mass flow 
rate  
Effectiveness is one of the measures to test the thermal performance of a heat 
exchanger. Effectiveness defines as the actual rate of heat transfer to that of the maximum 
rate of heat transfer. The value of heat exchanger effectiveness lies in between zero to one. 
Ideally, the heat loss by the one stream (hot stream) must gain by the other fluid (cold 
stream), but there is always heat loss due to heat imbalance occurred during the experiment 
even after maintaining perfect insulation. Hence, the loss of energy in a form of heat develops 
the differences in the effectiveness of both the sides of heat exchanger i.e. εh and εc 
respectively. To achieve more efficient heat exchanger, the effectiveness should approach to 
1.  
 The Effectiveness of Plate–Fin Heat Exchanger for different mass flow rate at various Inlet 
temperatures is represented by the graphs shown in Figures 6.1 to 6.4. Equation 5.8 is applied 
to find out the effectiveness and the outlet temperatures at the exit of both the sides of the 
heat exchanger. Volumetric Flow rate of Nitrogen gas from 300 liters/min to 650 liters/min 
are applied for both hot and cold side. The effect of mass flow rate in kg/s on the 
effectiveness obtained through calculation by correlations is also illustrated in Figures. It is 
observed from the Figure 6.1 to 6.4 that the effectiveness of a given heat exchanger increases 
with the increase of mass flow rate. Although primarily the flow boundary layers are 
laminar,but the wake effect due to the offset fins behave as turbulent flow. The flow rate 
enhances the performance of heat exchanger up to a certain extent by enhancing the heat 
transfer rate.  The representation of Colburn factor against Reynolds number in a flow region 
represents the effect of heat transfer as shown in Figure 6.8 - 6.11. 
The experimental result deviates from the analytical data by using correlation. The deviation 
in the result is due to the heat loss which is not considered for calculating analytical data. 
Therefore, the values of the effectiveness using correlation are more over a same flow rate as 




shown in Table 6.5 in the form of error percentage when the cold inlet temperature is107K. It 
is concluded from the Table that the error percentage is decreasing as the mass flow rate 
increases. 
 
Table 6.5 Error percentage when the inlet temperature is107K 













6.029 3.94 % 2.72 % 4.76 % 1.73 % 
8.201 4.05 % 2.63 % 5.03 % 1.77 % 
10.52 3.60 % 1.87 % 4.62 % 1.76 % 
11.68 3.53 % 1.67 % 4.57 % 1.75 % 
12.98 3.51 % 1.50 % 4.56 % 1.75 % 
14.41 3.43 % 1.27 % 4.50 % 1.75 % 
 
Figure 6.1 – 6.4 shows the variation between experimental data simulation results and by 
various correlations. The axes of graph from Figure 6.1 – 6.4 representing the effectiveness 
with the vertical axis, while the mass flow rate by the horizontal axis. The lines with 
rectangular, triangular and diamond shape dotted points represent the experimental data and 
the line with cross shape dotted point represent the simulation data. The other three lines 
correspond the analyitical data by various correlation developed by Maity & Sarangi, Joshi & 
Webb and Manglik & Barglus. It is depicted by a circle, plus and star shape dotted points.  
The variation in the mean experimental value with simulated and analytical value as 
shown in Figures 6.1- 6.4 is due to experimental error or uncertainty for which equations are 
derived in earlier chapter. The variation in mean experimental value with the various 
correlation results because of Uncertainty and the leakage of heat to the surrounding, 
considering the effect due to longitudinal heat conduction. The average of percentage error 
for Maity & Sarangi, Manglik & Barglus and Joshi & Webb is 3.68%, 1.94% and 4.67 
respectively. Whereas the the mean percentage error between the Muse
©
 and experimental 







Figure 6.1 Variation of effectiveness with mass flow rate 
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Figure 6.3 Variation of effectiveness with mass flow rate  
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6.2 Comparison of effectiveness of cold and hot tests  
Present experiment performance at cold inlet temperature is compared with the earlier 
experiment performance at hot inlet condition by Alur [151]. The comparison is made for a 
set of data for each at inlet temperature of 107K for cold test and inlet temperature of 369K 
from hot test. In this figure different sets of data were used from hot and cold test for the 
range of mass flow rate of 300 liters/min to 650 liters/min.  It is shown in Figure 6.5 that the 
initially gaining in the effectiveness in the heat exchanger at cold test goes almost same for 
further increment in mass flow rate at hot test. The reason behind initially gaining in the 
effectiveness is that at low flow rate the temperature differences are significant more between 
the heat transfer surface area. This means that better heat exchanger flow arrangements must 
have an increasing effectiveness. Even the input conditions for hot and cold test are not same 
and thus the effectiveness of the heat exchanger should not similar but it may be near about 
each other as per the experimental data. 
 
Figure 6.5 Comparison of effectiveness with cold and hot tests  
 
6.3 Effect of heat transfer to surrounding 
The performance of plate-fin heat exchanger is evaluated under steady state 
conditions; the heat transfer rate is constant i.e. heat loss by hot system is carried out by the 
cold system. The heat balance determines the amount of heat loss or gain by the system. To 
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is a certain amount of heat leak from the system. Due to the heat loss, the temperature 
difference between the hot and cold fluid varies. The divergence in the noted value from the 
actual value shows the heat loss. Thus, the different value of effectiveness is evaluated for hot 
side and cold side. 
The heat balance equation for heat exchanger is given by 
( ) ( )p co ci p hi homc T T mc T T     
6.1 
 
For steady flow operation under unbalanced condition   
 




The calculated heat leak value is substituted in leak heat option in the process of Aspen 
Muse
©
. The process of simulation also generates the two considerable values of effectiveness 
as indicated in Figure 6.6 by the triangular dotted line for cold effectiveness while the 
diamond dotted lines represents the hot effectiveness. The values obtain from the simulation 
under the same operating condition i.e. at a same mass flow rate at an inlet temperature of 
107K. Since the simulation does not consider the uncertainty the result deviates from the 
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Figure 6.6 Variation of effectiveness with mass flow rate 
6.4 Validation of effectiveness obtained with and without 
heat loss with cold tests  
It is clear from the Figure 6.7, that the mean effectiveness of experimental result 
matches well with simulation result by Muse
©
. The points on the lines are almost coinciding 
with each other but a small variation occurs at low mass flow rate which is within 
experimental error. (Calculated heat leak in Appendix) 
  
 
Figure 6.7 Variation of effectiveness with mass flow rate  
 
6.5 Uncertainty assessment in experimental results 
The uncertainty in the calculated effectiveness can be determined by using equation 
5.9 to 5.14 in the earlier chapter. The error estimation is shown in Table 6.6 developed for the 
cold inlet temperature of 107K. It seems that the uncertainty decrease with the increase in 
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6.6 Heat transfer and friction factor of Heat Exchanger  
Another performance criterion is Colburn and friction factor for plate fin heat 
exchanger are presented below. In this, only the primary test at 107K inlet temperature at 
different mass flow rate is evaluated.  Colburn and friction factor for each mass flow rate 
have been obtained from the experiment and by using various correlation and are given in 
Table 6.7 to 6.10. Non-dimensional graphs of Colburn and friction factors on the vertical axis 
and Reynolds number at horizontal axis are presented. The square dotted points show the 
experimental data, while the other dotted points show the predicted data by the correlations. 
The experimental data of Colburn factor and the analytical data calculated from the 
correlation shown in Table 6.7 and 6.8. These were graphically represented in Figure 6.8 & 
6.9. 
 
Table 6.7 Colburn factor at 107K on hot side of PFHX 
Mass flow rate Re Experimental Maity Manglik joshi 
6.06 302.99 0.0176 0.0299 0.0269 0.0372 
8.23 415.19 0.0159 0.0248 0.0228 0.0318 
10.60 535.73 0.0138 0.0214 0.0200 0.0281 
11.74 593.63 0.0132 0.0205 0.0190 0.0267 
13.08 659.61 0.0122 0.0196 0.0180 0.0253 







Figure 6.8 Variation of Colburn factor with Reynolds No. 
 
Table 6.8 Colburn factor at 107K on Cold side of PFHX 
Mass flow rate Re Experimental Maity Manglik joshi 
9.66 487.53 0.0180 0.0210 0.0194 0.0273 
13.04 660.64 0.0150 0.0182 0.0165 0.0234 
16.70 845.53 0.0125 0.0159 0.0145 0.0206 
18.65 933.84 0.0113 0.0153 0.0138 0.0196 
20.40 1034.22 0.0106 0.0146 0.0131 0.0186 
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Figure 6.9 Variation of Colburn factor with Reynolds No. 
Table 6.9 and 6.10 shows the calculated data of friction factors by using correlations. 
The experimental friction factor is also listed in the table are calculated from the measured 
pressure drops through the manometers. From Figure 6.10 and 6.11 it is clear that the 
Experimental friction factor is higher than the evaluated value, the declination is very well 
followed with the experimental data and the trend remain same. 
Table 6.9 Friction factor at 107K on Hot side of PFHX 
Mass flow rate Re Experimental Maity Manglik joshi 
6.06 302.99 0.1650 0.1305 0.1184 0.0971 
8.25 415.19 0.1308 0.1047 0.0962 0.0772 
10.60 535.73 0.1074 0.0876 0.0833 0.0642 
11.74 593.63 0.1083 0.0815 0.0793 0.0595 
13.08 659.61 0.1055 0.0757 0.0757 0.0551 
14.51 732.79 0.1003 0.0703 0.0726 0.0510 
 
 
Figure 6.10 Variation of Friction factor with Reynolds No. 
Table 6.10 Friction factor at 107K on Cold side of PFHX 
Mass flow rate Re Experimental Maity Manglik joshi 
9.66 487.53 0.1336 0.0870 0.0750 0.0613 
13.04 660.64 0.1100 0.0703 0.0619 0.0487 
16.70 845.53 0.0912 0.0592 0.0547 0.0404 
18.65 933.84 0.0929 0.0552 0.0525 0.0375 
20.40 1034.22 0.0917 0.0551 0.0505 0.0348 
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6.7 Effect of pressure drops with mass flow rate  
It is observed that the flow disturbance arises due to the Fins. Fins behave as an 
obstacle during the flow which is responsible for the heat transfer and pressure drop. Pressure 
drop is the parameter which emphasizes the characterization of the heat exchanger.  So on 
increasing the size or quantity of fin increases the pressure drop although heat transfer is also 
increasing. However, the pressure drop is dependent on mass flow rate as shown in figure 
6.12 to 6.19. Figures indicate that the pressure drop obtained from the test set up is higher 
than the simulated and correlated values. The pressure enhancement is due to position of 
pressure gauges and experimental error in the pressure gauges.  Eventually, the pressure drop 
occurred in the experiment is under reasonable or allowable pressure drop i.e. 0.05 bars. 
Therefore, it is not necessary to find out the error as it is in the acceptable limit. 
For the present experiment mass flow rate varies from 0.006 to 0.021 g/s with the 
pressure drop variation from 0.0066 to 0.020 bars. In concern, it ensures that the pressure 
drop across the channel should not exceed more than the allowable pressure drop. The 
pressure drop across the channel of both side of heat exchanger is illustrated in Figure 6.12 
below for inlet temperature of 107K. It shows that there is a slight variation in the pressure 
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Figure 6.12 Pressure drop across the channel of both side 
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Figure 6.14 Variation of Pressure drop with mass flow rate at 107 (cold Side) 
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Figure 6.16 Variation of Pressure drop with mass flow rate at 111 K (Cold side) 
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Figure 6.18 Variation of Pressure drop with mass flow rate at 118 K (Cold side) 
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Figure 6.20 Variation of Pressure drop with mass flow rate at 122 K (Cold side) 
 
6.8 Results and Discussion 
The data in Figure 6.12 to 6.20 represents the calculated drop in pressure. It represents 
the performance of a hot and cold side of plate fin heat exchanger as a function of mass flow 
rate in kg/sec. The experimental results for pressure drop and friction factor are in reasonable 
conformity with the predicted data. It depicts that the drop in pressure rises with the increase 
in mass flow rate which confirm the theory. 
The elevation in pressure drop is due to the obstacles of fins which causes the friction. 
Figure 6.10 shows that higher the Reynolds number lower is the friction factor. The slight 
increment in the measured friction factor than that of predicted one is due to the valves and 
flanges. The calculated values of the correlations and experimental result are presented in 
Table 6.9 and 6.10 which clearly designates the variation of pressure drop. There is a fall in 
friction factor due to increase in Reynolds no. as shown in Figure 6.10 and 6.11 for the cold 
and hot side of the heat exchanger for mass flow rate ranging from 6.02 kg/s to 14.41kg/s at 
107K cold inlet temperature. 
The divergence in Colburn factor between experimental and the calculated by 
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in experimental and predicted is effected due to the change in heat transfer. The property 
changes due the change in average temperature given in equation. The slight change in the 
average temperature effect the Colburn factor. But the trend of graph remains same shows 
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                                                     6.3 
 
The obtained value of effectiveness through analytical and simulation shows the 
conformity result with experiment result within expectable uncertainty range.  
Table 6.11 shows the Percentage of error between experimental values Vs Predicted 
& simulated with the uncertainty at 107K cold inlet temperature. 
Table 6.11 Percentage of error 
 Error Percentage 
 Muse
©








 1.73 % 3.94 % 2.72 % 4.76 % 4.95 % 
 1.77 % 4.05 % 2.63 % 5.03 % 3.73 % 
 1.76 % 3.60 % 1.87 % 4.62 % 3.00 % 
 1.75 % 3.53 % 1.67 % 4.57 % 2.72 % 
 1.75 % 3.51 % 1.50 % 4.56 % 2.49 % 
 1.75 % 3.43 % 1.27 % 4.50 % 2.29 % 
Average 
Percentage 1.75 % 3.68 % 1.94 % 4.67 % 3.20 % 
 
Heat losses affect the effectiveness due to the energy imbalance in the cold and hot 
side of the heat exchanger. A side-by-side comparison of the present study with the earlier 
research on the heat exchanger is made. Compression shows that initially at low mass flow 
rate of 6.02 to 8.20 g/s value of effectiveness of hot test and cold test diverges from each 











The experiment performed to evaluate the performance of a plate fin heat exchanger 
under cryogenic temperature. The performance of plate fin heat exchangers in cryogenics 
environment was examined experimentally. An investigation is made to demonstrate 
the effect of mass flow rate on the effectiveness and on the pressure drop. The calculated 
effectiveness and pressure drop find out from the experiment are validated by comparing with 
the values obtained by means of correlations. The correlation used for comparisons with that 
of present experimental data are taken from the available literature by Maiti and Sarangi, 
Manglik and Bergles and Joshi and Webb. Eventually the following conclusions were drawn 
out from the present study. 
 Variation of Effectiveness with respect to mass flow rate 
Effectiveness gives a scheme to predict the performance of a specified heat 
exchanger. The outlet temperatures can be obtained from the predicted effectiveness. The 
obtained value of effectiveness shows the validity with the predicted values by Maity and 
Sarangi, Manglik and Bergles and Joshi and Webb along with them it is also compared with 
the simulation software Aspen Muse
©
. In figure 6.1 to 6.4 the deviation in the graphs shows 
the error due to multiple causes such as heat leak and instrumentation error. The mean 
percentage error for Maity & Sarangi, Manglik & Barglus and Joshi & Webb is 3.68%, 
1.94% and 4.67% respectively. Whereas the mean percentage error between the Muse
©
 and 
experimental values is 1.75% at cold inlet temperature 107K. It is observed that the variation 
in the effectiveness on the both sides of the channel hot side and cold side. 
 Variation of heat transfer and flow friction with Reynolds number 
The effect of Reynolds number on heat transfer and flow friction characteristics is 
studied for various mass flow rates. A discrepancy is noted between the experimental and the 
predicted data for Colburn factor and friction factor. It is observed that as Reynolds number 




correlations is higher than the experimentally measured Colburn factor whereas experimental 
friction factor is higher than the evaluated value. However, trend remains the same as that of 
the predicted value by the correlation.  
 Variation of Pressure drop with respect to mass flow rate 
In the present work a detailed explanation and sketch (P and I diagram) of a Test 
setup is reported. The process of finding factor affecting the performance of heat exchanger is 
presented. The reported experimental setup is thus an appropriate setup for computing other 
heat exchanger under cryogenics temperature. 
 Validation of effectiveness obtained with and without heat loss using Aspen Muse© 
The different value of effectiveness is evaluated for hot side and cold side using 
Aspen Muse
©
. Figure 6.6 shows the effectiveness w.r.t mass flow rate changes without heat 
leak matches well with the mean value of effectiveness when considering heat leak. The 
points on the lines are almost coinciding with each other but a small variation occurs at low 
mass flow rate which is within experimental error. 
Aspen Muse
©
 values are satisfying the value obtained by the experiment. The 
effectiveness deviation between the experimental value and value obtained from simulation 
software varies from 1.75% at cold inlet temperature 107K which is with in error band. 
 
 Comparison of effectiveness of cold and hot tests. 
 The effectiveness evaluated by earlier work (Alur [151] at a temperature higher than 
the ambient temperature) is compared with the present result, which is very much lower than 
the ambient temperature (cryogenic temperature). The comparisons show that the initially 
gaining of effectiveness in the heat exchanger at low mass flow rate in cold test due to the 
present of cryogenic temperature. Further increment in mass flow rate shows almost same 
trend as in hot test. 
The main benefit of the present work on experimental setup based on various 
correlation and simulation are seen to be the first successful and cheap cryogenic 
experimental set to detect the performance of PFHX.  Secondly the accurate insertion of the 
correlation based on previous experimental values as purposed to validate the performance of 
offsets fin. It is identified that the among the correlations and the Muse. Manglik and Muse 




assumptions in correlation as in Manglik and Bergles has neglected the thickness of fins 
while calculating the free flow area. However, for the pressure drop in experiment shows the 
more deviations then the other it is because of the various obstacles which is not consider in 
the correlations. Although the pressure drop in all the cases are under the desirable limit. 
 
Significant Contributions of Thesis  
 A general Experimental setup model of Plate fin heat exchanger is developed under 
cryogenics temperature. 
 The application of control system for controlling the mass flow rate and the 
temperature has been calibrated and examined in the present study. 
 Performance analysis on the basis of effectiveness and pressure drop has been 
proposed and implemented in the present study. 
 The experimental model setup an effect for predicting the colburn and friction factor 
characteristic of offset fin heat exchanger. 
 The influence of geometrical/material parameters, Insulation scheme, support 
conditions and different shell geometrical configurations are examined in the present 
study using data acquisition modules. 
7.2 Future work 
To a certain extent a lot of areas for future scope are available which would help from a 
similar experimental work presented here:  
A similar experimental set up as shown in Figure 5.1 can be often used to support the 
assessment of performance of other type of heat exchanger under different cryogenics 
temperature. However, since most of the work is on the atmospheric temperature or above it 
is required to verification it at cryogenic temperature.  
Investigation of present experimental model using three-dimensional numerical 
discrete simulation techniques on the fluid flow and heat transfer analysis. Validity of present 
experimental model is confirmed through the computational as well as with the three 




variation on Nusselt number with respect to length and Reynolds number, variation of 
temperature and pressure along the length can be perform through CFD analysis. 
Output parameter has to be optimized on the basis of input parameter of a specified 
heat exchanger using various optimization tools such as Genetic algorithm, simulate 
annealing etc. The date which is difficult to obtain by experiment can be predicted by using 
an adaptive neuro-fuzzy and neural network algorithm. Comparison and implementation of 
the best matching optimized value from different optimization techniques.    
Analyses the flow distribution on a header with different shapes and size to 
accomplishing the pressure variation. The distribution of flow on the surface of the fin is 
required to be uniform Therefore, header is supposed to modify. Another option is to 
install baffles inside the header that force the fluid to flow uniformly. Different form of 
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I. Calculation for RTD 
Thermometer RTD1 RTD2 RTD3 RTD4 RTD5 Mean Error 
1 0.94 0.91 1.1 1 0.84 0.958 0.042 
1.9 1.87 1.96 1.92 1.52 2.02 1.858 0.042 
5 4.38 4.39 4.89 4.27 4.47 4.48 0.52 
6 6 6.05 6.06 5.99 6.15 6.05 -0.05 
8.4 8.52 8.34 8.16 8.16 8.36 8.308 0.092 
11.1 11.22 10.9 11 11.38 11.42 11.184 -0.084 
17 17.25 17.66 17.32 17.68 17.8 17.542 -0.542 
24.1 24.05 24.22 24.44 23.92 24.17 24.16 -0.06 
30.7 30.63 30.8 30.29 30.28 30.48 30.496 0.204 
45.8 45.18 45.07 44.27 44.52 44.21 44.65 1.15 
52.5 51.89 51.89 52.16 52.26 51.81 52.002 0.498 
70.4 70.71 70.84 70.45 70.43 70.35 70.556 -0.156 
81.4 81.76 81.48 81.86 81.95 81.85 81.78 -0.38 
88.2 87.93 87.63 87.6 87.55 87.34 87.61 0.59 
103.8 103.84 103.67 104 102.97 103.51 103.598 0.202 
Total Error 0.137 
 
II. Heat leak Calculation 




6.029 307.5 124.21 107.6 285.54 0.916908 0.890145 
8.201432 307.4 123.16 106.7 285.69 0.917987 0.891829 
10.52912 307.4 121.33 106.1 285.55 0.924342 0.891456 
11.68166 308.1 121.41 106.8 285.99 0.927422 0.890164 
12.98 307.9 121.99 107.8 285.69 0.929085 0.889005 
14.41906 308.2 121.82 108.1 285.61 0.931434 0.887106 
       
       
Exp. 
lt/min 




6.029 307.5 128.221 107.8 281.5342 0.897742 0.869976 
8.201432 307.4 127.0297 106.7 282.1773 0.898706 0.874327 
10.52912 307.4 124.6144 106.1 282.5828 0.908026 0.876715 
11.68166 308.1 124.8143 106.8 283.1027 0.91051 0.875821 
12.98 307.9 125.2796 107.8 282.6864 0.912646 0.873995 
14.41906 308.2 125.0969 108.1 282.6237 0.915058 0.872182 
 
